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1.  INTRODUCTION: 

Despite  improvements  in  treatments  for  primary  prostate  cancer  (PCa),  bone  metastasis  remains  a  major  cause 
of  death  in  PCa  patients.  Several  studies  have  shown  that  disseminated  tumor  cells  (DTCs)  shed  from  a  primary 
tumor  may  lie  dormant  in  distant  tissues  for  long  periods  of  time,  retaining  the  potential  for  activation  resulting 
in  metastatic  growth.  Understanding  the  underlying  mechanisms  of  metastasis  is  therefore  crucial  for  effective 
treatment  of  this  disease.  Bone  marrow  has  been  well  established  as  a  regulatory  site  for  hematopoietic  function. 
In  the  marrow,  hematopoietic  stem  cells  (HSCs)  are  believed  to  localize  to  a  specific  microenvironment,  the 
“niche”,  where  they  reside  in  a  dormant  state.  Likewise,  growing  evidence  has  suggested  that  disseminated  PCa 
also  resides  within  the  marrow  niche.  In  fact,  disseminated  PCa  uses  similar  mechanisms  as  HSCs  in  order  to 
gain  access  to  the  marrow  microenvironment,  and  DTCs  target  and  displace  HSCs,  establishing  metastatic  foci 
within  the  hematopoietic  niche.  As  a  result,  these  cells  parasitize  the  niche  to  become  dormant,  utilizing  the 
mechanisms  that  keep  HSCs  in  a  dormant  state.  Although  bone  marrow  is  known  as  a  fertile  microenvironment 
(“soil”)  for  metastatic  tumor  cells  (“seed”),  little  is  known  about  how  dormancy  is  established  or  what  leads  to 
re-activation  of  the  dormant  cells.  Therefore,  we  hypothesize  that  once  DTCs  become  dormant  within  the 
bone  marrow  niche,  they  stay  dormant  by  stimulating  the  niche  to  remain  dormant,  and  eventually 
escape  from  dormancy  when  the  niche  matures. 

To  address  our  hypothesis  the  following  aims  are  proposed: 

Aiml:  Determine  the  mechanisms  whereby  DTCs  control  the  dormancy  of  the  niche  cells. 

Sub  hypothesis:  DTCs  drive  the  niche  into  dormancy  via  GAS6  signaling. 

Aim2:  Determine  if  the  differentiation  of  the  niche  cells  triggers  the  regrowth  of  DTCs. 

Sub  hypothesis:  Dormant  DTCs  exit  from  dormancy  when  the  niche  is  differentiated  via  BMP2  signaling. 

The  proposed  studies  will  provide  significant  insight  into  the  mechanisms  whereby  the  bone  marrow 
microenvironment  is  involved  in  regulation  of  tumor  dormancy.  Aim  1  allows  us  to  identify  and  explore  how 
DTCs  stay  dormant  for  long  periods  of  time.  We  postulate  that  DTCs  drive  the  bone  marrow  niche  into 
dormancy  through  the  GAS6  pathway.  Aim2  will  determine  how  DTCs  escape  dormancy,  consequently 
rendering  them  more  susceptible  to  the  chemotherapy.  Results  from  this  work  will  lead  to  a  greater 
understanding  of  niche  aging  effects  on  metastatic  growth,  and  could  result  in  valuable  new  treatment 
approaches. 


2.  KEYWORDS: 

Prostate  Cancer;  Bone  metastasis;  Disseminated  tumor  cells;  Bone  marrow  microenvironment; 
Tumor  dormancy;  GAS6;  BMP2 
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3.  ACCOMPLISHMENTS: 

What  were  the  major  goals  and  objectives  of  the  project? 

The  goal  of  this  project  is  to  understand  the  mechanisms  of  tumor  dormancy  and  metastatic  outgrowth  of 
disseminated  prostate  cancer  within  the  bone  marrow  microenvironment. 

Task  1:  Complete  the  grant  transfer  from  University  of  Michigan  to  Wake  Forest  School  of  Medicine. 
Months  1-3. 

•  Upon  arrival  at  Wake  Forest  School  of  Medicine,  the  PI  will  seek  to  obtain  the  necessary  approvals 
(IACUC,  IRB,  IBC)  to  complete  the  grant  transfer,  and  then  will  initiate  the  proposed  research  as 
soon  as  possible  (Months  1-3). 


Task  2:  Determine  the  mechanisms  whereby  DTCs  control  the  dormancy  of  the  niche  cells. 

Months  4-18. 

•  To  determine  the  effects  of  GAS6  on  the  dormancy  of  niche  cells  in  vitro ,  co-culture  of  bone  marrow 
stromal  cells  (BMSCs)  (pre-stained  with  DiD  fluorescent  dye)  with  either  GAS6-downregulated 
PCa  cells  (PCashGAS6)  or  control  PCa  (PCaContro1)  will  be  performed.  At  the  termination  of 
experiments,  BMSCs  will  be  harvested,  and  the  retention  of  DiD  dye  will  be  measured  with  FACS 

(Months  4-7). 

To  further  characterize  the  difference,  gene  and  protein  expression  of  proliferation  markers  and  cell 
cycle  status  will  be  analyzed  using  those  isolated  BMSCs  (Months  7-9). 

•  To  determine  the  effects  of  GAS6  on  the  dormancy  of  niche  cells  in  vivo,  we  will  perform  a 
vertebral  body  implant  (vossicle)  experiment.  We  will  implant  BrdU-incorporated  vossicles  directly 
injected  with  PCashGAS6  or  PCaContro1  into  immunocompromized  mice,  and  then  will  determine  the 
effects  of  GAS6  on  the  dormancy  of  the  microenvironment  by  immunohistochemistry  for  BrdU 

(Months  9-14). 

Additionally,  using  immunohistochemistry  we  will  also  visualize  co-localization  of  PCa  cells  with 
the  dormant  microenvironment  cells  using  these  vossicles  (Months  14-19). 


Task  3:  Determine  if  the  differentiation  of  the  niche  cells  triggers  the  regrowth  of  DTCs. 

Months  19-36. 

•  To  determine  if  the  differentiation  of  the  niche  following  exogenous  BMP2  treatment  stimulates  the 
regrowth  of  DTCs  in  vitro,  co-culture  of  BMSCs  with  Gl-Red  and  SG2M-Cyan  co-infected  PCa 
cells  will  be  performed.  The  differentiation  of  the  niche,  and  the  dormancy,  proliferation,  and  cell 
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cycle  status  of  PCa  cells  after  treatment  with  recombinant  mouse  (rm)  BMP2  will  be  analyzed 

(Months  19-22). 

•  To  determine  if  the  differentiation  of  the  niche  following  the  exogenous  BMP2  treatment  stimulates 
the  regrowth  of  DTCs  in  vivo,  we  will  implant  vossicles  directly  injected  with  Gl-Red  and  SG2M- 
Cyan  co-infected  PCa  cells  into  immunocompromized  mice.  The  differentiation  of  the  niche,  and  the 
dormancy,  proliferation,  and  cell  cycle  status  of  PCa  cells  after  treatment  with  rm  BMP2  will  be 
analyzed  (Months  22-26). 

•  To  determine  whether  BMP2  expressed  by  DTCs  is  crucial  for  metastatic  progression  in  vitro,  co¬ 
culture  of  BMSCs  with  BMP2-downregulated  PCa  (PCashBMP2),  upregulated  PCa  (PCaBMP2°E),  or 
control  PCa  (PCaContro1)  will  be  performed.  Thereafter,  the  differentiation  of  the  niche,  and  the 
dormancy,  proliferation,  and  cell  cycle  status  of  PCa  cells  will  be  analyzed  (Months  27-30) 

•  To  determine  whether  BMP2  expressed  by  DTCs  is  crucial  for  metastatic  progression  in  vivo,  we 
will  implant  vossicles  directly  injected  with  PCashBMP2,  PCaBMP20E,  or  PCaControl.  Thereafter,  the 
differentiation  of  the  niche,  and  the  dormancy,  proliferation,  and  cell  cycle  status  of  PCa  cells  will  be 
analyzed  (Months  31-36). 


What  was  accomplished  under  these  goals? 

The  Award  transfer. 

As  of  03/01/15,  thanks  to  receiving  this  Idea  Development  Award  for  Young  Investigators,  the  PI,  Dr.  Yusuke 
Shiozawa  started  an  independent  faculty  job  as  an  Assistant  Professor  at  Wake  Forest  School  of  Medicine. 
Upon  his  arrival  at  Wake  Forest  School  of  Medicine,  the  PI  obtained  the  necessary  institutional  approvals 
(IACUC,  IRB,  IBC)  and  submitted  the  grant  transfer  request  (06/11/2015)  to  gain  approval  from  the 
Department  of  Defense  for  a  transfer  of  the  award  from  the  University  of  Michigan  to  Wake  Forest  School  of 
Medicine.  As  of  07/01/16,  a  transfer  of  the  award  from  the  University  of  Michigan  to  Wake  Forest  School  of 
Medicine  was  completed. 

The  development  of  a  mouse  model  to  measure  tumor  growth  and  bone  remodeling. 

To  evaluate  the  interaction  between  the  bone  marrow  niche  and  disseminated  PCa  cells,  we  must  be  able  to 
measure  (i)  the  growth  of  bone  metastatic  PCa  and  (ii)  bone  remodeling  within  the  same  animal.  To  address 
this  concern,  we  first  attempted  to  establish  an  innovative  and  powerful  mouse  model  (Fig.  1).  For  this 
experiment,  PCa  cells  (DU  145)  were  inoculated  intrafemorally  into  severe  combined  immunodeficient 
(SCID)  mice  to  establish  bone  metastases.  Thereafter,  we  measured  changes  in  tumor  growth  [bioluminescent 
imaging  (BLI),  immunohistochemistry  (IHC)]  and  bone  remodeling  (microCT,  IHC).  Using  this  strategy,  we 
found  (i)  tumor  growth  by  BLI  (Fig.  1A&B),  (ii)  tumor  burden  in  the  marrow  by  histology  (Fig.  1C),  and 
decreased  bone  volume  density  and  connective  density  in  tumor-burdened  mice  on  microCT  (Fig.  1D-F). 
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The  neuropeptide  CGRP  expressed  A 
by  sensory  neurons  around  bone 
influences  PCa  proliferation 
through  CRLR/JNK  pathway. 

We  recently  reported  that  PCa  cells 
parasitize  the  mechanisms  whereby 
HSCs  home  to  the  marrow  to  gain 
access  to  bone  (1).  Nerves  are  a 
major  component  of  the 
microenvironment  for  HSCs  (2,  3), 
and  are  also  involved  in  the 
metastatic  process  of  PCa  to  bone  (4). 

Yet  whether  the  interactions  between 
DTCs  and  sensory  neurons  in  the 
bone  play  a  crucial  role  in  controlling 
later  bone  metastatic  progression 
remains  unclear.  Interestingly,  our 
preliminary  data  demonstrated  that 
bone  metastatic  PCa  increases 
neuronal  hypertrophy  of  calcitonin- 
gene  related  peptide  (CGRP)- 
expressing  sensory  nerves  in  the 
periosteum  in  a  time-dependent 
manner  (Fig.  2A).  It  has  been 
demonstrated  that  levels  of  CGRP  are 
increased  in  the  serum  of  patients 
with  advanced  PCa  compared  to  low- 
grade  PCa  (5,  6),  and  that  CGRP  induces  osteoblastic  differentiation  (7).  Next,  we  wondered  if  CGRP  affects 
PCa  progression.  We  found  that  CGRP  enhances  proliferation  of  PCa  cells  in  vitro  (Fig.  2B&C).  PCa  patients 
with  metastases  express  higher  levels  of  CGRP  receptor  Calcitonin  receptor  like  receptor  (CRLR)  (gene 
name  CALCRL),  compared  to  PCa  patients  without  metastases  (Fig.  2D).  Additionally,  CGRP  activates  JNK 
in  PCa  [Fig.  2E&F;  quantification  of  pathway  array  data  suggesting  that  JNK  is  a  potential  target  (Data  not 
shown)]. 


sham  DU145 


sham  DU145 

Fig.  1:  An  in  vivo  skeletal  tissue  PCs  injection  models 

Luciferase-labeled  DU  145  cells  or  sham  were  placed  directly  into  the  femur  of 
the  immunodeficient  mice.  Tumor  growth  and  pain  behaviors  were  followed  for 
8  weeks.  (A)  BLI  was  performed  over  time  to  measure  tumor  growth  (n  =  10  per 
group).  (B)  Representative  image  of  BLI.  Data  from  A  is  presented  as  linear 
mixed  effect  models.  #:  time  by  group  interaction,^  <  0.05  versus  sham  injected 
animals.  (C)  Hematoxylin  and  eosin  staining  of  femur.  Magnification,  x20.  Bar 
=  500pm.  (D)  Representative  microCT  of  femur.  (E&F)  Quantifications  of  (D). 
(E)  Bone  volume  density  (BV/TV)  and  (F)  Connective  density  (Conn  Dens). 
Presented  as  mean  ±  SD,  #p  <  0.0001  versus  sham  injected  bones  (Student’s  t- 
test). 
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What  opportunities  for  training  and 

professional  development  did  the  project 

provide? 


Thanks  to  receiving 
Award  for  Young 
obtained  independent 
School  of  Medicine 
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space,  and  start-up  costs  provided. 

Thanks  to  the  Department  of  Defense,  the  PI 
attended  IMPaCT  Young  Investigator  Meeting, 

Baltimore,  MD,  USA,  August  4-5,  2016. 

The  PI  was  chosen  for  the  2016-2018  cohort  of 
the  Wake  Forest  Clinical  and  Translational 
Science  Institute’s  Translational  Scholar 
Academy,  which  supports  the  scientific  and 
career  development  of  early-stage 
investigators. 

How  were  the  results  disseminated  to 

communities  of  interest? 

There  is  nothing  to  report  at  this  time. 

What  do  you  plan  to  do  during  the  next 

reporting  period  to  accomplish  the  goals  and 

objectives? 

Now  that  we  have  access  to  the  DoD  funds,  we 
will  able  to  address  the  experiments  proposed 
as  Specific  Aims.  In  the  next  year  of  the  award, 
we  will  pursue  the  effects  of  the  disseminated 
tumor  cells  on  the  dormancy  of  bone  marrow  niche  (Aim  1),  by  using  the  newly  established  mouse  model  to 
enable  us  to  measure  both  tumor  growth  and  bone  remodeling  simultaneously.  In  addition,  we  will  determine 
whether  CGRP  induces  osteoblastic  differentiation,  and  we  will  compare  the  effects  on  osteoblastic 
differentiation  between  BMP2  and  CGRP  (Aim  2).  We  will  also  further  elucidate  the  role  of  osteoblastic 
differentiation  in  the  progression  of  bone  metastasis  (Aim  2). 


+:  postive  control 
- :  negative  control 

Fig.  2:  CGRP  influences  PCa  proliferation  through  CRLR/JNK 

(A)  DU  145  cells  were  placed  directly  into  the  femur  of  the 
immunodeficient  mice.  Co-localization  of  CGRP  and  NF-200 
(myelinated  nerve  marker)  in  the  periosteum  of  tumor  inoculated 
bones  was  assessed  at  2  and  6  weeks.  Magnification  20x.  Bar  = 
100pm.  (B)  The  effects  of  CGRP  on  in  vitro  MTT  cell  viability  assays 
of  PCa  cell  lines  (+  correspond  to  MTT  activity).  (C)  MTT  cell 
viability  assays  with/without  CGRP  antagonist  (CGRP8-37). 
Presented  as  mean  ±  SD,  #p  <  0.001  (One-way  ANOVA,  Tukey’s 
multiple  comparisons).  (D)  Box  plots  of  gene  expression  values  for 
CRLR  (gene  name  CALCRL)  in  primary  PCa  (Primary,  n=65)  and 
metastatic  PCa  (Met,  n=25)  obtained  from  the  GEO  database. 
Presented  as  mean  ±  SD,  significance  versus  primary  PCa  (Student’s 
t- test).  (E)  Representative  images  of  antibody-based  cell  pathway 
array  data.  Quantification  of  data  suggest  that  JNK  is  a  potential  target 
(Data  not  shown).  (F)  CGRP  activates  pJNK. _ 
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In  breast  and  prostate  cancer  patients,  the  bone  marrow  is  a  preferred  site  of  metastasis.  We  hypothe¬ 
sized  that  we  could  use  tissue-engineering  strategies  to  lure  metastasizing  cancer  cells  to  tissue- 
engineered  bone  marrow.  First,  we  generated  highly  porous  3D  silk  scaffolds  that  were  biocompatible 
and  amenable  to  bone  morphogenetic  protein  2  functionalization.  Control  and  functionalized  silk  scaf¬ 
folds  were  subcutaneously  implanted  in  mice  and  bone  marrow  development  was  followed.  Only 
functionalized  scaffolds  developed  cancellous  bone  and  red  bone  marrow,  which  appeared  as  early  as 
two  weeks  post-implantation  and  further  developed  over  the  16-week  study  period.  This  tissue- 
engineered  bone  marrow  microenvironment  could  be  readily  manipulated  in  situ  to  understand  the 
biology  of  bone  metastasis.  To  test  the  ability  of  functionalized  scaffolds  to  serve  as  a  surrogate  niche  for 
metastasis,  human  breast  cancer  cells  were  injected  into  the  mammary  fat  pads  of  mice.  The  treatment  of 
animals  with  scaffolds  had  no  significant  effect  on  primary  tumor  growth.  However,  extensive  metastasis 
was  observed  in  functionalized  scaffolds,  and  the  highest  levels  for  scaffolds  that  were  in  situ  manipu¬ 
lated  with  receptor  activator  of  nuclear  factor  kappa-B  ligand  (RANKL).  We  also  applied  this  tissue- 
engineered  bone  marrow  model  in  a  prostate  cancer  and  experimental  metastasis  setting.  In  sum¬ 
mary,  we  were  able  to  use  tissue-engineered  bone  marrow  to  serve  as  a  target  or  “trap”  for  metastasizing 
cancer  cells. 

©  2015  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Metastasis  is  a  highly  complex  process.  In  the  case  of  breast  and 
prostate  cancers,  hematogeneous  metastasis  is  commonly 
encountered  in  the  red  bone  marrow  [1],  and  patient  survival  is 
poor  once  disseminated  disease  is  diagnosed  [2];  metastasis  is 
responsible  for  90%  mortality  of  patients  with  solid  tumors  [3].  The 
lack  of  suitable  in  vivo  tissue  models  has  impeded  clinical  progress 
[4].  There  are  currently  two  main  approaches  for  studying  synge¬ 
neic  or  xenograft  breast  and  prostate  cancer  bone  metastasis  in  the 
orthotopic  or  experimental  metastasis  setting  [5].  In  the  first,  the 
host's  skeleton  serves  as  the  site  of  metastasis  and  is  commonly 
used  to  study  osteotropism  of  cancer.  In  the  second,  fresh  bone 
chips  [6-9]  or  marrow  [10]  are  used  and  implanted  subcutaneously 
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or  in  the  mammary  fat  pad.  While  human  fetal  bone  or  marrow  has 
been  used  in  most  cases  [6,8],  materials  from  discarded  femoral 
heads  [9]  have  also  been  used. 

Tissue-engineering  approaches  for  cancer  research  [11]  have 
recently  emerged  as  a  potential  third  route  for  the  study  of  bone 
metastasis.  For  example,  microfabricated  scaffolds  seeded  with 
human  bone  marrow  stromal  cells  have  been  implanted  in  a  win¬ 
dow  chamber  model  to  permit  intravital  microscopy  studies  12]. 
This  microfabricated  model  generated  a  chimeric  microenviron¬ 
ment,  but  the  ability  of  this  model  to  recapitulate  native  tissue 
remains  to  be  established.  Bone  marrow  stromal  cells  are  clearly 
useful  for  driving  osteogenesis  and  marrow  formation  [13];  how¬ 
ever,  bone  morphogenetic  proteins  (BMPs)  also  have  a  robust 
clinical  track  record  for  the  de  novo  formation  of  bone  and  marrow 
[14].  In  particular,  BMP-2  has  been  associated  with  bone  develop¬ 
ment  and  maintenance  in  the  adult  skeleton  14,15].  In  vivo  tissue 
engineering  of  bone  has  been  successful  [16],  but  no  attempts  have 
yet  been  made  to  engineer  a  bone  marrow  microenvironment 
(BMM)  that  can  be  selectively  manipulated.  This  manipulation  of 
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the  BMM  would  provide  opportunities  to  ask  fundamental  ques¬ 
tions  about  cancer  metastasis  to  bones,  and  to  explore  the  possi¬ 
bility  that  tissue-engineered  bone  could  serve  as  a  surrogate  niche 
or  “trap”  for  cancer  metastasis.  Several  potential  avenues  are 
available  for  manipulating  the  BMM;  chemokines  were  chosen  in 
the  present  study. 

In  1889,  Stephen  Paget  established  that  breast  cancer  has 
preferred  sites  for  metastasis  (tissue  tropism)  [17],  and  recent 
studies  have  identified  chemokines  as  potential  regulators  that 
dictate  the  actual  organ  metastasis  of  breast  [18]  and  prostate  [19] 
cancers  (reviewed  in  Refs.  [20,21]).  For  example,  metastatic  breast 
and  prostate  cancers  “home”  to  bone  by  following  gradients  of 
stromal  cell-derived  factor  1  (SDF-1);  this  mechanism  emulates  the 
hematopoietic  stem  trafficking  occurring  during  fetal  development 
and  following  bone  marrow  transplantation  [20]. 

Bone  colonization  by  metastatic  cancer  cells  involves  the 
hijacking  of  a  multitude  of  signaling  pathways  [22].  For  example, 
osteotropic  cancers  often  induce  osteoclast  activity  through  re¬ 
ceptor  activator  of  nuclear  factor  kappa-B  ligand  (RANKL)  signaling. 
Osteoclast  activation  in  the  BMM  in  turn  liberates  a  myriad  of 
growth  factors  and  chemokines  stored  in  the  bone  mineral  matrix, 
thereby  driving  the  recruitment  of  even  more  cancer  cells  to  the 
bone  [2,22].  Our  current  understanding  of  chemokine-mediated 
metastasis  indicated  SDF-1  and  RANKL  as  appropriate  choices  for 
manipulation  of  the  BMM  in  the  present  study. 

In  summary,  this  study  examined  the  potential  of  BMP-2  func¬ 
tionalized  scaffolds  to  support  the  in  vivo  development  of  bone  and 
marrow  and  the  subsequent  ability  of  this  tissue-engineered  BMM 
to  serve  as  a  surrogate  niche  for  metastatic  cancer  cells  attracted  by 
locally  released  chemokines. 

2.  Materials  and  methods 

2.1.  Preparation  of  silk  scaffolds 

Bombyx  mori  silk  solution  was  prepared  as  described  previously  [23].  Briefly, 
cocoons  were  cut  into  25-mm2  pieces,  boiled  for  30  min  in  an  aqueous  solution  of 
20  mM  Na2C03,  and  then  rinsed  in  distilled  H2O  to  remove  sericin  proteins.  Extracted 
silk  fibroin  was  subsequently  air  dried  and  then  dissolved  in  9.3  m  LiBr  solution  at 
60  °C  for  4  h,  yielding  a  25%  w/v  solution.  This  solution  was  dialyzed  against  ddE^O 
(molecular  weight  cut  off  3500)  for  48  h  to  remove  the  LiBr  salt.  The  resulting 
aqueous  silk  fibroin  solution  was  centrifuged  twice  at  9.700  g  for  20  min  to  remove 
the  small  amount  of  silk  aggregates  that  formed  during  processing.  A  salt-leach 
method  was  used  where  NaCl  crystals  were  embedded  within  silk  fibroin  to 
generate  highly  porous  silk  scaffolds.  First,  the  silk  fibroin  solution  was  diluted  to 
6%  w/v  with  ddH20.  Next,  4  g  of  NaCl  crystals  (500-600  pm)  were  added  to  2  ml  of 
this  fibroin  solution  as  porogens,  and  scaffolds  were  allowed  to  solidify  for  24  h. 
Scaffolds  were  washed  extensively  in  ddL^O  to  leach  out  the  NaCl  to  yield  highly 
porous  silk  scaffolds.  The  size  was  optimized  by  generating  scaffolds  with  a  volume 
of  either  125  mm3  or  27  mm3  and  a  constant  5  pg  BMP-2  (human  BMP-2,  Wyeth, 
Andover,  MA,  USA)  loading.  For  125  mm3  scaffolds,  BMP-2  loading  was  optimized 
using  BMP-2  concentrations  between  0.5  and  10  pg.  For  all  samples,  the  BMP-2 
loading  was  performed  by  applying  30  pi  of  a  7%  w/v  silk  solution  containing  the 
indicated  amount  of  BMP-2.  Scaffolds  were  air  dried  under  a  0.2-m/s  airflow  at  room 
temperature  overnight.  Where  indicated,  scaffolds  were  further  modified  by  water 
annealing  at  room  temperature  for  8  h  to  induce  3-sheets  [23]. 

2.2.  In  vivo  scaffold  implantation 

Animal  studies  were  performed  in  accordance  with  the  approved  institutional 
protocols  B2010-101  and  PR000004354  by  the  Institutional  Animal  Care  and  Use 
Committee  (IACUC)  of  Tufts  University  and  University  of  Michigan,  respectively. 
Mice  aged  6—10  weeks  were  purchased  from  Charles  River  Laboratories.  For  scaffold 
implantation  studies,  animals  were  anesthetized  using  isoflurane,  shaved  when 
necessary,  and  the  surgical  area  was  cleaned.  As  indicated,  BMP-2  functionalized  or 
control  silk  scaffolds  were  implanted  subcutaneously  at  three  different  sites,  namely 
the  rotator  cuff,  lower  abdomen,  and  upper  thorax.  As  controls,  10  mg  of  deminer¬ 
alized  human  (0.125—0.850  mm  particle  size;  Community  Tissue  Services,  Dayton, 
OH,  USA)  or  rat  bone  were  added  to  a  size  9  gelatin  capsule  (Torpac  Inc.,  Fairfield,  NJ, 
USA)  and  implanted  as  detailed  above.  Incisions  were  closed  with  a  one-layer 
closure  using  skin  clips.  Animals  were  monitored  daily  over  the  course  of  10  days, 
at  which  time  the  skin  clips  were  removed.  Scaffolds  were  removed  at  the  indicated 
time  points  and  processed  for  analysis  as  detailed  below. 


2.3.  Cell  culture 

All  cell  lines  were  maintained  in  a  humidified  atmosphere  of  5%  CO2  at  37  °C,  and 
subconfluent  cultures  were  routinely  subcultured  every  2—3  days.  MDA-MB-231 
B16F10,  and  PC3  cells  were  cultured  in  RPMI  1640  +  10%  v/v  FBS  medium.  For 
in  vivo  tumor  studies,  cells  were  harvested  with  trypsin  and  subsequently  prepared 
as  detailed  below. 

2.4.  Tumor  models 

To  examine  the  potential  of  tissue-engineered  bone  to  serve  as  a  surrogate  niche 
to  cancer  metastasis,  a  syngeneic  experimental  tumor  model  employing  C57BL/6 
mice  and  B16F10  cancer  cells  was  used  [24].  Prior  to  tumor  cell  injection,  a  125-mm3 
scaffold  functionalized  with  5  pg  BMP-2  was  implanted  over  the  rotator  cuff  in  mice 
and  allowed  to  integrate  for  more  than  4  weeks.  On  the  day  of  tumor  induction, 
B16F10  cells  were  washed  and  harvested  with  trypsin-EDTA,  blocked  with  complete 
medium,  and  pelleted.  The  pellet  was  subsequently  washed  twice  with  PBS,  and 
cells  were  resuspended  in  PBS  at  a  concentration  of  105  cells/ml  and  kept  on  ice. 
Mice  were  shaved,  cleaned  and  the  landmarks  palpitated  to  facilitate  the  intracar¬ 
diac  injection  of  cells  into  the  left  ventricle.  The  spontaneous  pulsatile  entrance  of 
bright  red  oxygenated  blood  into  the  transparent  needle  hub  indicated  proper 
positioning  of  the  needle.  A  dose  of  104  B16F10  cells  in  100  pi  was  administered  over 
30  s  into  the  left  ventricle  with  a  27-gauge  needle.  Within  18  days  of  B16F10  in¬ 
jection,  animals  were  euthanized. 

For  studies  that  examined  the  potential  of  the  scaffolds  to  serve  as  a  surrogate 
niche  for  breast  cancer  metastasis,  a  human  xenograft  model  was  used.  Breast  tu¬ 
mors  were  induced  by  inoculating  MDA-MB-231  derived  tumor  cells  that  metas¬ 
tasized  following  orthotopic  injection  in  mice  [25].  Cells  were  genetically  modified 
to  carry  the  firefly  luciferase  gene  to  allow  in  vivo  bioluminescence  imaging  [25]. 
Analogous  to  the  syngeneic  tumor  studies,  scaffolds  were  implanted  over  the  rotator 
cuff  in  female  NOD/SCID  mice  (NOD.CB17-Prkdscld/NcrCrl),  6-10  weeks  in  age,  and 
allowed  to  integrate  >8  weeks.  Next,  a  total  of  5  x  105  cells  in  20  pi  Matrigel  (BD 
Biosciences,  Bedford,  MA,  USA)  was  injected  bilaterally  into  the  4th  or  5th  mammary 
fat  pad  using  a  Hamilton  syringe  equipped  with  a  22-gauge  needle.  To  manipulate 
the  microenvironment  of  the  tissue-engineered  bone,  osmotic  minipumps  (Durect 
Corporation,  Cupertino,  CA,  USA)  were  used.  Pumps  with  a  nominal  pumping  rate  of 
0.11  pl/h  over  4  weeks  were  fitted  with  an  infusion  catheter  and  filled  with  SDF-1 
(100  pg/ml),  RANKL  (100  pg/ml),  or  PBS  according  to  the  manufacturer's  instruc¬ 
tion;  human  SDF-1  alpha  (catalogue  number  100-20)  and  mouse  RANKL  (catalogue 
number  200-04)  were  purchased  from  Shenandoah  Biotechnology,  Warwick,  PA, 
USA.  Twelve  days  after  tumor  inoculation,  pumps  were  implanted  s.c.  and  the 
catheter  was  implanted  into  the  scaffold.  Disease  progression  was  monitored  weekly 
with  intraperitoneal  injections  of  D-luciferin  (Molecular  Probes,  Eugene,  OR,  USA), 
followed  by  measuring  tumor  cell-associated  bioluminescence  using  the  Xenogen 
IVIS  200  imaging  system  and  Living  Image  Software  4.2  (Caliper  Life  Sciences, 
Hopkinton  USA).  At  the  study  endpoint  at  6  weeks  post-tumor  induction,  scaffolds, 
brain,  lung,  liver,  and  bones  were  examined  for  metastasis  by  dissecting  them  from 
the  carcass.  Tibia  and  femur  from  hind  legs  were  harvested  and  dissected  free  from 
muscle  and  tendons  to  serve  as  bone  samples.  Organs  were  imaged  at  maximum 
sensitivity  to  detect  metastatic  cancer  cells.  Tissues  were  scored  for  the  presence  or 
absence  of  metastasis.  Primary  tumors  were  dissected  and  weighed. 

For  prostate  cancer  studies,  one  scaffold  was  implanted  on  the  back  of  male 
athymic  nude  mice  (Athymic  Nude-Foxnlnu),  6—10  weeks  in  age,  and  allowed  to 
integrate  >6  weeks.  PC3  cells  were  transduced  with  GFP-luciferase  lentivirus  to 
allow  for  bioluminescence  imaging  of  tumor  growth  (via  luciferase)  and  localization 
of  cells  in  tissue  sections  (via  GFP).  Next,  a  total  of  1  x  105  cells  in  10  pi  growth 
medium  was  injected  into  the  ossified  scaffold  with  a  30-gauge  needle.  At  the  time 
of  cell  injection,  a  single  pump  with  either  SDF-1  or  PBS  was  implanted  as  detailed 
above. 

2.5.  Histology  and  X-ray  microtomography 

X-ray  microtomography  was  performed  on  formalin-fixed  tissues  in  70%  v/v 
ethanol.  Measurements  were  carried  out  with  an  HMX  ST  225  X-ray  tube  equipped 
with  a  molybdenum  target  and  a  2000  x  2000  pixel  detector  (Nikon  Metrology, 
Leuven,  Belgium).  Projections  were  recorded  over  360°,  and  dataset  voxel  sizes  were 
typically  10  pm  isotropic.  The  dataset  was  reconstruction  with  the  CTPro  3D  soft¬ 
ware  package  (Nikon  Metrology)  in  the  absence  of  noise  reduction  or  binning.  Im¬ 
ages  were  rendered  using  VGStudio  MAX  version  2.2  (Volume  Graphics,  Heidelberg, 
Germany). 

Bones  and  scaffolds  were  prepared  for  histology  by  fixing  them  for  24  h  in 
buffered  formalin  and  subsequently  demineralizing  them  for  21  days  at  4  °C  with  a 
10%  w/v  EDTA  solution  at  pH  7.4.  Next,  samples  were  tissue  processed  and  paraffin 
embedded  as  detailed  previously  [26].  For  all  histology  samples,  at  least  two  level 
sections  were  cut  to  ensure  representative  images.  For  immunofluorescence  images 
to  detect  human  cells  grown  in  scaffolds,  anti-human  HLA-ABC  antibody  (Bio- 
Legend)  was  conjugated  using  the  Zenon  Alexa  Fluor488  mouse  IgG  labeling  kit 
(Invitrogen,  San  Diego,  CA).  Seven  pm  thick  paraffin  sections  were  blocked  with 
Image-iT  FX  signal  enhancer  (Invitrogen)  for  30  min  before  fluorescence-labeled  and 
primary  antibodies  were  applied  for  2  h  at  room  temperature  in  the  dark. 
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Subsequently,  the  sections  were  mounted  with  ProLong  Gold  anti-fade  reagent  with 
DAPI  (Invitrogen).  Images  were  taken  with  Olympus  FV-500  confocal  microscope 
(Olympus,  Center  Valley,  PA). 

2.6.  Statistical  analysis 

Data  were  analyzed  using  GraphPad  Instat  5.0b  (GraphPad  Software,  La  Jolla,  CA, 
USA).  Sample  pairs  were  analyzed  with  the  Student's  t- test.  Multiple  samples  were 
evaluated  by  one-way  analysis  of  variance  followed  by  Dunnett's  post  hoc  tests  to 
evaluate  the  statistical  differences  (p  <  0.05)  between  samples  and  controls, 
respectively.  An  exception  was  the  analysis  of  explanted  scaffolds  where  a  Krus- 
kal— Wallis  test  was  used.  All  error  bars  were  standard  deviation  (SD). 

3.  Results 

Here  we  describe  an  in  vivo  tissue-engineered  bone  marrow 
model  that  uses  bone  morphogenetic  protein  2  (BMP-2)  func¬ 
tionalized  three-dimensional  (3D)  silk  protein  scaffolds  that 
permit  in  situ  bone  marrow  genesis.  The  bone  marrow  can  sub¬ 
sequently  be  modified  with  an  osmotic  minipump  to  locally 
deliver  chemokines  or  other  molecules  of  interest.  We  used  a 
water-based  silk  solution  to  generate  3D  scaffolds  that  were 
sponge-like  (ca.  50  kPa  compressive  stress),  highly  porous  (>90%) 
[27],  biocompatible  [28],  and  readily  functionalized  with  defined 
amounts  of  BMP-2  with  known  release  kinetics  [29].  First,  we  fixed 
the  amount  of  BMP-2  loading  at  5  pg  per  scaffold  and  determined 
the  importance  of  the  post-loading  treatment  in  relation  to  the 
implantation  site  and  time  for  bone  marrow  genesis  (Fig.  la, 
Supplementary  Fig.  1).  Scaffolds  that  had  a  low  p-sheet  (crystal¬ 
line)  content  performed  best;  this  was  independent  of  the  im¬ 
plantation  site.  The  first  signs  of  bone  development  occurred  at  3 
days  in  C57/B6  mice,  and  a  robust  tissue-engineered  BMM 
occurred  at  4  weeks,  while  NOD/SCID  mice  required  8  weeks.  In 
C57/B6,  NOD/SCID,  and  athymic  nude  mice,  the  BMM  was  main¬ 
tained  for  several  months  (>3);  the  optimized  silk  scaffold  showed 
a  robust  tissue-engineered  BMM  (Fig.  lb— d).  However,  control 
scaffolds  showed  neither  bone  nor  marrow  development  in  mice 
(Supplementary  Fig.  le).  As  a  reference  or  control  for  our  func¬ 
tionalized  silk  scaffolds,  we  used  human  and  rat  demineralized 
bone  matrix  (DBM)  [5,30].  While  human  DBM  showed  no  signs  of 
bone  marrow  development,  rat-derived  DBM  required  at  least  8 
weeks  to  develop  some  bone  marrow  in  vivo.  Because  BMP-2 
scaffolds  with  a  low  (3-sheet  content  performed  best  (Fig.  lb-d), 
we  further  characterized  these  scaffolds  by  changing  scaffold  size 
and  the  degree  of  BMP-2  functionalization  (Fig.  le— h).  In  light  of 
orthotopic  breast  tumor  studies,  we  selected  the  rotator  cuff  as  an 
implantation  site  to  physically  separate  the  tissue-engineered 
BMM  from  the  primary  tumor.  X-ray  microtomography  demon¬ 
strated  that  with  0.5-10  pg  BMP-2  the  amount  of  bone  signifi¬ 
cantly  increased,  while  there  were  no  differences  between  the  5  pg 
and  10  pg  BMP-2  scaffolds  (Fig.  le,  f).  Furthermore,  at  5  pg  BMP-2 
functionalization,  the  amount  of  bone  formation  was  independent 
of  scaffold  size  but  increased  over  16  weeks  (Fig.  lg,  h).  The 
125  mm3  scaffolds  with  a  5-pg  BMP-2  loading  were  found  to  be 
optimal  for  this  study  because  the  size  of  the  engineered  tissue 
allowed  easy  access  and  manipulation  with  an  infusion  catheter  of 
the  osmotic  minipump. 

Next,  we  examined  the  ability  of  the  tissue-engineered  BMM  to 
serve  as  a  surrogate  niche  for  metastasis  (Fig.  2a).  Using  mice  with 
an  established  BMM,  we  induced  orthotopic  breast  tumors  and 
subsequently  manipulated  the  BMM  by  locally  delivering  receptor 
activator  of  nuclear  factor  kappa-B  ligand  (RANKL).  To  rule  out  the 
potential  systemic  impact  of  this  RANKL  delivery  strategy,  we 
monitored  primary  tumor  growth  over  6  weeks,  and  the  extent  of 
metastasis  (Fig.  2b-d).  There  was  no  significant  difference  between 
the  control  group  and  mice  receiving  RANKL  in  terms  of  primary 
tumor  growth,  tumor  weight,  and  metastasis  to  distant  organs 


(Fig.  2b— d).  However,  there  was  a  significant  impact  on  the  tissue- 
engineered  BMM  as  determined  by  X-ray  microtomography 
(Fig.  2f),  but  this  did  not  affect  the  bone  volume  of  the  rest  of  the 
skeleton  (Fig.  2g).  The  tissue-engineered  BMM  harbored  human 
breast  cancer  cells  (Fig.  2h,  i).  Bioluminescence  imaging  demon¬ 
strated  that  the  control  scaffold,  which  did  not  develop  bone 
marrow,  had  the  lowest  signal,  whereas  substantially  higher  values 
were  obtained  for  SDF-1,  and  significantly  higher  ones  were  ob¬ 
tained  for  the  RANKL  treatment  group  (Fig.  2h,  i). 

Finally,  we  assessed  the  ability  of  our  tissue-engineered  BMM  to 
serve  as  a  model  system  to  study  prostate  cancer  bone  metastasis. 
While  there  was  tumor  engraftment  for  all  animals  (5/5),  delivery 
of  SDF-1  substantially  reduced  PC3  growth  when  compared  to 
controls  (Fig.  3c)  but  with  minimal  effects  on  tissue  or  bone  volume 
(Fig.  3d).  Histology  confirmed  growth  of  prostate  cancer  cells  in  the 
BMM  (Fig.  3e).  To  complement  the  human  breast  and  prostate 
cancer  studies,  the  B16F10  syngeneic  experimental  metastasis 
model  was  used  (Fig.  3f).  Histology  of  scaffolds  demonstrated  that 
B16F10  cells  were  able  to  invade  and  colonize  the  tissue- 
engineered  BMM  (Fig.  3g— j). 

4.  Discussion 

In  1889,  Stephen  Paget  established  that  breast  cancer  has 
preferred  sites  for  metastasis  (tissue  tropism)  [17],  and  recent 
studies  have  identified  chemokines  as  potential  regulators  that 
dictate  the  actual  organ  metastasis  of  breast  and  prostate  cancer 
[3].  We  therefore  examined  the  ability  of  the  tissue-engineered 
BMM  to  serve  as  a  surrogate  niche  for  metastasis  (Fig.  2a).  Using 
mice  with  an  established  BMM,  we  manipulated  the  BMM  by 
locally  delivering  receptor  activator  of  nuclear  factor  kappa-B 
ligand  (RANKL).  RANKL  activates  osteoclasts,  which  in  turn 
degrade  bone  and  subsequently  release  growth  factors  and  che¬ 
mokines  stored  in  the  bone  matrix  [2,22];  these  factors  could 
critically  contribute  to  a  pre-metastatic  niche.  Tumor  growth  and 
metastasis  was  unchanged  following  local  RANKL  delivery 
(Fig.  2b— d);  this  suggested  that  RANKL  had  minimal  systemic  ef¬ 
fects.  This  was  further  supported  by  the  observation  that  RANKL 
only  had  a  significant  impact  on  the  tissue-engineered  bone  vol¬ 
ume  (Fig.  2f),  but  not  the  bone  volume  of  the  rest  of  the  skeleton 
(Fig.  2g).  Most  importantly,  the  tissue-engineered  BMM  harbored 
human  breast  cancer  cells  (Fig.  2h,  i);  this  colonization  could  be 
readily  manipulated  in  situ.  Bioluminescence  imaging  demon¬ 
strated  that  the  control  scaffold,  which  did  not  develop  bone 
marrow,  had  the  lowest  signal  and  the  highest  one  was  obtained  for 
the  RANKL  treatment  group  (Fig.  2h,  i).  This  observation  supported 
our  hypothesis  that  a  metastatic  niche  can  be  selectively  manipu¬ 
lated  using  tissue  engineering.  The  extent  to  which  this  coloniza¬ 
tion  of  the  BMM  recapitulates  all  steps  typically  observed  in 
traditional  osteotropic  cancer  models  remains  to  be  established. 
Nonetheless,  the  idea  that  metastatic  cancer  cells  exploit  a  BMM 
“homing”  mechanism  analogous  to  that  driving  hematopoietic 
stem  trafficking  into  bone  marrow  seems  quite  plausible  20].  We 
speculate  that  this  luring  of  metastatic  cancer  cells  into  the  BMM 
would  then  conceivably  reduce  the  overall  metastatic  burden  in 
systemic  host  tissues  (Fig.  2d). 

We  next  assessed  the  ability  of  our  tissue-engineered  BMM  to 
serve  as  a  model  system  to  study  prostate  cancer  bone  metastasis. 
Previous  in  vitro  and  in  vivo  studies  showed  the  significance  of  the 
CXCR4/7-SDF-1  signaling  axis  in  tissue  tropism  for  prostate  cancer 
metastasis  [21],  although  direct  experimental  proof  has  been 
difficult  to  obtain  because  of  a  lack  of  methods  that  permit  the 
selective  manipulation  of  the  BMM.  By  combining  local  SDF-1  de¬ 
livery  with  prostate  cancer  cell  injection  into  the  tissue-engineered 
BMM  (Fig.  3a,  b),  it  was  possible  to  monitor  cell  response  in  situ. 
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Fig.  1.  In  vivo  tissue-engineered  bone  marrow,  (a)  Process  optimization  led  to  robust  tissue-engineered  bone  and  marrow.  All  silk  scaffolds  were  125  mm3  and  had  a  nominal  BMP-2 
loading  of  5  pg,  except  control  scaffold  that  contained  no  BMP-2.  Rat  demineralized  bone  matrix  (DBM)  from  Long-Evans  rats  was  used  as  a  control  [30].  (b)  Macroscopic  and 
scanning  electron  microscopy  images  (scale  bar  200  pm)  of  scaffolds  before  and  after  16  weeks  in  vivo,  (c)  Corresponding  H&E  histology  of  scaffold  with  extensive  bone  (arrows)  and 
hematopoiesis  (scale  bar  500  pm).  Magnified  area  is  shown  in  (d)  with  sinusoidal  blood  vessels,  hematopoiesis,  mature  bone  and  silk  scaffold  (scale  bar  25  pm),  (e)  X-ray 
microtomographic  images  of  125  mm3  silk  scaffolds  with  different  amounts  of  BMP-2  after  4  weeks  in  vivo  and  (f)  corresponding  quantification,  (g)  Representative  images  and  (h) 
bone  volume  measurements  for  125  mm3  scaffolds  loaded  with  5  pg  BMP-2  over  time.  (Error  bars,  s.d.;  **P  <  0.01;  ***P  <  0.001;  ns,  not  significant;  n  >  3). 


While  there  was  tumor  engraftment  for  all  animals  (5/5),  delivery 
of  SDF-1  substantially  reduced  PC3  growth  when  compared  to 
controls  (Fig.  3c)  but  with  minimal  effects  on  tissue  or  bone  volume 
(Fig.  3d).  This  observation  was  unexpected;  one  might  speculate 
that  SDF-1  delivery  induced  cancer  stem  cell  quiescence  [31] 


resulting  in  overall  reduced  metastatic  growth.  However,  addi¬ 
tional  studies  are  needed  to  better  understand  the  underlying 
biology  in  the  BMM.  We  currently  also  do  not  know  how  this 
engineered  BMM  supports  osteoblastic  prostate  cancer;  this  is  a 
limitation  of  the  current  study. 
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Fig.  2.  Engineering  a  surrogate  niche  for  metastasizing  breast  cancer  cells,  (a)  Experimental  design  for  the  breast  cancer  study.  Delivery  of  RANKL  did  not  impact  (b)  primary  tumor 
growth,  (c)  weight  of  the  primary  tumor,  and  (d)  the  extent  of  metastasis,  (e)  Image  of  the  setup  at  the  end  of  the  study,  (f)  The  RANKL  scaffolds  contained  less  bone  as  determined 
by  X-ray  microtomography,  (g)  but  did  not  affect  the  bone  volume  of  the  systemic  bones  (femur  +  tibia  +  fibula  of  the  front  leg),  (h)  Bioluminescence  quantification  of  explanted 
scaffolds  at  the  end  of  the  study,  (i)  Bioluminescence  image  of  scaffolds  with  corresponding  histology  of  the  RANKL  scaffold;  errors  denote  areas  of  bone  resorption.  (Error  bars,  s.d.; 
*P<  0.05;  ***P  <  0.001 ;  n  >  3). 


Current  implant-based  models  for  the  study  of  osteotropism  of 
cancers  are  typically  based  on  fresh  bone  chips  [6,8,9]  or  marrow 
[10];  these  are  implanted  subcutaneously  or  into  the  mammary  fat 
pads  of  mice.  Human  fetal  bone  or  marrow  has  been  used  in  most 
cases  [6,8],  although  materials  from  discarded  femoral  heads  [9] 
have  also  been  used.  These  studies  are  often  designed  to  examine 
the  interaction  of  human  cancer  cells  with  a  humanized  bone 
microenvironment;  however,  a  number  of  limitations  arise,  as  well 
as  logistical  and  ethical  challenges.  For  example,  marrow  models 
are  plagued  by  poor  control  over  the  resulting  bone 


microenvironment  and  by  immunological  mismatches  between  the 
bone  marrow-derived  immune  cells  and  the  human  tumor  cells 
(i.e.,  a  potential  marrow  versus  cancer  response)  (e.g.,  Ref.  [10]). 
Bone  chips  have  additional  limitations  and  in  general  show  poor 
vascularization,  which  often  leads  to  necrosis  and  subsequent 
fibrosis  [6,8,9].  The  sharp  edges  of  bone  pieces  can  also  often  create 
wound  problems  or  dehiscence  in  mice.  Bone  material  from  or¬ 
thopedic  surgery,  in  particular,  provides  little  control  over  the 
quality  of  the  bone,  coupled  with  a  low  capacity  to  sustain  hema¬ 
topoiesis  in  vivo  [9]. 
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Fig.  3.  Engineered  bone  marrow  microenvironment  for  prostate  cancer  and  experimental  metastasis,  (a)  Experimental  design  for  the  prostate  cancer  study,  (b)  In  vivo  biolumi¬ 
nescence  image  of  PC3  cells  in  scaffold  with  integrated  osmotic  minipump  and  (c)  respective  quantification  of  bioluminescence  at  week  2  (Error  bars,  s.d.;  ns,  not  significant;  n  =  5). 
(d)  Bone  volume  measurements  of  scaffolds  at  week  4.  (e)  Phase  contrast  image  of  (1)  PC3  cells  (dotted  line),  (2)  tissue-engineered  bone  (dashed  line),  (3)  silk  scaffold  (solid  line) 
and  fluorescent  images  corresponding  to  nuclei,  PC3  cells  and  stacked  images  (scale  bar  20  pm);  all  images  were  from  the  SDF-1  treatment  group,  (f)  Design  for  the  experimental 
metastasis  study  in  immune-competent  mice,  (g)  H&E  histology  of  scaffold  with  macrometastasis  (scale  bar  400  pm),  (h)  Magnified  view  of  area  2  and  (i)  area  1  from  panel  (g)  (scale 
bar  50  pm),  (j)  Magnified  view  of  selected  area  with  micrometastasis  (dashed  line),  hematopoiesis  (H),  sinusoidal  vessels  (S),  and  adipocytes  (Adipo). 


Humanized  bone  models  are  emerging  as  interesting  model 
systems  to  study  osteotropism  of  cancer  [4];  however,  they  still 
require  a  significant  amount  of  refinement.  The  current  study 
demonstrates  that  the  use  of  optimized  silk  scaffolds  resulted  in 
robust  vascularization  and  bone  and  red  marrow  development  in 
a  syngenic  setting,  while  none  of  the  studied  scaffolds  showed 
adverse  reactions  in  mice.  This  observation  is  in  line  with  pre¬ 
vious  in  vivo  studies  [32].  We  selected  silk  because  it  is  a 
biocompatible  and  biodegradable  biopolymer  with  minimal 


endogenous  biological  activity  [32,33].  Here  control  scaffolds  (i.e., 
silk  scaffolds  with  no  BMP-2  functionalization)  showed  neither 
bone  nor  marrow  development  in  mice  (Fig  la).  Furthermore 
these  control  scaffolds  showed  the  lowest  capacity  to  capture 
metastatic  cancer  cells  (e.g.,  Fig.  2h)  indicating  that  at  functional 
bone  marrow  is  critical  to  lure  cancer  cells  into  a  tissue-engi¬ 
neered  BMM. 

Historically,  studies  examining  the  BMM  have  relied  on  the 
epiphyses  and  diaphysis  of  long  bones  that  are  difficult  to  access 
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and  cannot  be  readily  subjected  to  local  manipulation  in  situ.  More 
recently,  alternatives  have  been  sought,  for  example,  the  calvarium 
for  intravital  high-resolution  microscopy  of  the  bone  marrow  [34]. 
However,  local  in  situ  manipulation  of  the  calvarium  has  not  been 
attempted  and  is  expected  to  be  technically  challenging.  Here,  we 
applied  a  simple  yet  powerful  method  to  study  osteotropism  of 
breast  and  prostate  cancer  cells  in  situ.  The  benefits  of  employing  a 
tissue-engineered  BMM  are  twofold.  First,  it  provides  a  simple  and 
robust  method  to  generate  a  tissue-engineered  BMM  in  vivo.  Sec¬ 
ond,  it  provides  flexibility  to  manipulate  the  BMM  with  the  use  of 
an  osmotic  minipump.  These  features  will  enable  future  studies  of 
breast  and  prostate  cancer  as  well  as  hematopoietic  malignancies 
and  bone  marrow  in  general. 

5.  Conclusions 

Manipulating  the  metastatic  BMM  in  vivo  is  technically  chal¬ 
lenging  as  current  models  depend  heavily  on  the  host's  skeleton, 
with  occasional  xenogenic  or  syngeneic  models  exploiting  either 
fresh  bone  chips  or  the  osteogenic  properties  of  whole  or  frac¬ 
tionated  marrow.  We  developed  a  simple  yet  powerful  method  to 
in  vivo  tissue  engineer  a  BBM  that  could  be  readily  manipulated  in 
situ  to  understand  the  biology  of  bone  metastasis.  With  the 
methodology  described  here,  we  demonstrated  that  a  tissue- 
engineered  BMM  can  serve  as  a  surrogate  niche  for  bone  marrow 
metastasis.  By  selectively  manipulating  the  engineered  BMM,  it 
was  possible  to  either  increase  or  suppress  the  number  of  meta¬ 
static  cells  at  this  site. 
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Abstract:  Prostate  cancer  (PCa)  is  one  of  the  most  common  neoplasms  that  metastasize  to  bone.  The  aim  of  this  study  was 
to  determine  if  osteoclasts  play  a  role  in  the  seeding  of  disseminated  tumor  cells  to  the  bone  marrow  by  mobilizing 
hematopoietic  stem  cells  (HSCs)  out  of  their  marrow  niche.  Human  PC-3Luc  cells  were  introduced  into  male  SCID  mice  by 
intracardiac  injection  after  mice  were  treated  with  the  antiresorptive  agent  Zoledronic  Acid  (bisphosphonate  (BP))  and/or 
AMD3100,  which  mobilizes  HSCs  out  of  the  marrow.  Short  term  homing  of  PC-3  was  assessed  at  24  hours  by  QPCR  for 
human  Alu  and  HSC  number  was  determined  by  FACS.  Mice  also  received  pre  and/or  post  treatments  of  BP  by 
intraperiteneal  injections,  in  addition  to  PC-3Luc  by  intratibial  injections.  TRAP  assays  were  used  to  determine  the  osteoclast 
(OC)  number  in  both  studies.  AMD3100  enhanced  the  release  of  HSCs  from  the  bone  marrow,  while  BP  increased  the 
retention  of  HSCs.  PCa  entry  into  bone  was  facilitated  in  AMD3100,  BP,  and  AMD3100+BP  treatments.  Before  PCa 
injection,  the  number  of  TRAP+  OC  was  increased  in  mice  treated  with  AMD3100,  while  treatment  with  BP  resulted  in 
relatively  lower  TRAP+  OCs.  TRAP+  OCs  were  not  detected  in  the  AMD31 00  +  BP  treatment.  After  PCa  injection,  however, 
the  number  of  TRAP+  OCs  was  dramatically  increased,  but  did  not  differ  significantly  amongst  the  treatment  groups.  The 
pre  and  post  BP  treatments  in  the  Nude  mice  decreased  the  size  of  PCa  lesions  in  the  tibia  compared  to  the  control.  The 
results  indicate  that  OC  activation  is  not  necessary  for  PCa  metastasis  to  bone  at  the  earliest  stages.  These  findings 
are  critical  in  proving  that  OCs1  contribution  to  metastasis  occurs  during  the  growth  phase  of  the  tumor  rather  than  at  the 
initiation  phase. 

Keywords:  prostate  cancer,  disseminated  tumor  cells,  osteoblasts,  osteoclasts,  cancer  stem  cells. 


INTRODUCTION 

Breast  and  prostate  cancer  (PCa)  represent  solid  tumors 
that  frequently  metastasize  to  the  bone  marrow,  causing 
alterations  of  bone  integrity  and  function,  and  resulting  in 
a  major  source  of  morbidity  and  mortality.  The  process  of 
metastasis  has  been  characterized  as  a  multistep  cascade, 
in  which  tumor  cells  must  first  undergo  an  epithelial  to 
mesenchymal  transition  to  a  more  motile  phenotype,  enter 
vascular  or  lymphatic  structures,  and  ultimately  reverse 
the  transition  at  the  site  of  metastasis.  Previous  studies 
have  demonstrated  that  SDF-1  (stromal  cell-derived  fac¬ 
tor-1  or  CXCL12)  and  its  receptor,  CXCR4  represent  a 
major  mechanism  in  PCa’s  metastasis  to  bone  [1,  ].  We 
have  recently  shown  that  the  binding  of  CXCL12  to 
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CXCR4  activates  the  expression  of  receptors  which  facil¬ 
itate  the  localization  of  disseminated  tumor  cells  (DTCs) 
to  the  bone  marrow  microenvironment  [3,  4]. 

More  recently,  we  demonstrated  that  circulating  PCa 
cells  target  the  ‘niche,’  in  marrow  that  houses  hemato¬ 
poietic  stem  cells  (HSC)  [5].  We  used  a  micrometastasis 
model  of  PCa  metastasis  to  demonstrate  that  tumor  cells 
directly  compete  with  HSCs  for  occupancy  of  the  endos¬ 
teal  HSC  niche  in  during  bone  marrow  transplantation  [5]. 
In  fact,  based  upon  observations  of  their  proximity  to 
osteoblasts,  it  appears  very  likely  that  cancer  stem  cells 
(CSCs)  expressing  the  CD133+/CD44+  phenotype  pref¬ 
erentially  compete  for  occupancy  of  the  osteoblastic  HSC 
niche  [5].  Once  in  the  niche,  metastatic  cells,  like  HSCs, 
may  be  mobilized  back  into  the  peripheral  blood  using 
agents  that  mobilize  HSCs  [5].  Critically,  HSCs  co-local- 
ize  with  DTCs  to  the  endosteal  bone  surfaces,  and  when 
the  number  of  HSC  niches  was  altered,  DTC  numbers 
in  marrow  responded  accordingly  [5,  6].  Importantly, 
increasing  numbers  of  DTCs  in  marrow  resulted  in  HSCs 
mobilizing  out  of  the  marrow  and  into  progenitor  cell 
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pools  and  the  peripheral  blood.  Together,  these  findings 
demonstrate  that  PCa  and  HSCs  compete  for  the  endosteal 
HSC  niche  and  use  the  same  mechanisms  to  access  and 
egress  the  niche,  and  provide  direct  evidence  that  this  HSC 
niche  plays  a  central  role  in  bone  metastases. 

The  mechanism  by  which  HSCs  are  mobilized  into  the 
peripheral  blood  in  response  to  cytokines  has  been  an  area 
of  active  investigation.  Recent  work  has  demonstrated 
that  secretion  of  MMP-9,  cathepsin  G,  and  cathepsin  Kby 
osteoclasts  results  in  the  digestion  of  CXCL12,  leading  to 
the  release  of  HSCs  into  the  blood  [1].  Likewise,  oste¬ 
oclastic  activity  appears  to  be  essential  to  PCa  metastasis. 
In  part,  as  PCa  cells  may  express  the  receptor  activator  of 
nuclear  factor  kB  ligand,  or  RANKL,  which  stimulates 
osteoclasts  and  bone  resorption  osteoclastic  activity  may 
be  induced  facilitating  metastasis  and  growth  [1,2].  Since 
osteoclasts  activate  HSC  mobilization,  the  creation  of 
empty  niches  may  make  an  increase  in  PCa  metastasis 
more  likely  [7]. 

Paralleling  the  role  that  they  play  in  HSC  biology, 
osteoclasts  are  also  involved  in  metastastic  growth  of 
solid  tumors  in  bone,  including  breast  and  prostate  cancer. 
In  fact,  the  activation  of  osteoclastic  activity  by  tumor  cells 
releases  growth  factors  and  cytokines  sequestered  in  bone 
matrix,  which  contributes  to  the  growth  of  the  tumors,  a 
process  termed  ’’the  vicious  cycle.”  In  this  model,  tumor 
cell-host  interactions  result  in  boney  lesions  which  are 
predominately  osteoclastic  (breast  cancer)  or  osteoblastic 
(PCa)  boney  lesions. 

Based  upon  the  active  role  that  osteoclasts  play  in 
regulating  HSC  retention  in  the  niche  and  in  tumor  growth, 
we  speculated  that  osteoclasts  may  play  a  central  role  in 
the  initial  seeding  of  tumor  cells  into  the  HSC  niche. 
Accordingly,  we  used  our  ability  to  track  tumor  cells  with 
0PCR  in  the  context  of  osteoclast  inhibition  with  bispho- 
sphonates  to  question  whether  osteoclasts  participate  in 
the  earliest  seeding  of  PCa  into  the  HSC  niche  -  an  activity 
independent  of  their  role  in  stimulating  tumor  growth  via 
the  ’’vicious  cycle”.  The  clinical  implication  is  that  if 
osteoclasts  play  a  role  in  the  initial  seeding  of  the  HSC 
niche  by  solid  tumors,  then  the  use  of  agents  which  modify 
osteoclastic  activities  (e.g.  bisphosphonates,  cathepsin  V 
inhibitors  and  decoy  receptor  for  osteoblastic  RANKL) 
should  be  initiated  far  earlier  for  individuals  with  high 
grade  tumor  types. 

METHODS 

Cell  culture 

PC-3  (CRL-1435)  prostate  cancer  cell  line  was  obtained 
from  the  American  Type  Culture  Collection  (Rockville, 
MD).  PC-3Luc  cells  were  constructed  by  stably  trans¬ 
ducing  PC-3  cells  with  a  GFP-luciferase  lentivirus,  as 
previously  described.  Cells  were  cultured  in  RPMI  1640 
(Invitrogen,  Carlsbad,  CA),  supplemented  with  10%  fetal 
bovine  serum  (FBS;  Invitrogen)  and  1%  penicillin-strep¬ 


tomycin  (Invitrogen),  and  maintained  at  37°C,  5%  C02, 
and  100%  humidity. 

In  vivo  metastasis  assays 

All  experimental  procedures  were  approved  by  the  Uni¬ 
versity  of  Michigan  Committee  for  the  Use  and  Care  of 
Animals  (UCUCA).  In  the  first  set  of  animal  investigations, 
male  5-6  week  old  severe  combined  immune  deficient 
mice  (SCID)  were  injected  with  1  x  106  PCa  cells  by 
intracardiac  injection  (i.c.)  under  isoflurane  anesthesia 
(Figure  1A).  In  order  to  mobilize  HSCs  out  of  the  niche, 
mice  were  administered  AMD3100  (AMD)  (Sigma- 
Aldrich,  St.  Louis,  MO)  or  vehicle  (0.9%  saline)  by  intra- 
peritoneal  injection  at  5  mg/kg  (100  pi)  per  day  for  5  days 
preceeding  the  tumor  inoculation.  To  limit  osteoclastic 
activity,  which  could  participate  in  PCa  seeding  to  the 
niche,  some  of  the  animals  were  administered  Zoledronic 
Acid  (a  bisphosphonate)  (Novartis  Pharma  AG,  Basel, 
Switzerland)  [8-10]  by  intravenous  injection  (3  pg/kg/day) 
for  3  and  7  days  preceding  the  i.c.  injection  of  tumor  cells. 
Additional  groups  included  no  treatment  controls  and 
animals  treated  with  both  AMD3100  and  bisphosphonate. 

A  second  set  of  studies  was  designed  to  evaluate  the  role 
of  osteoclasts  after  PCa  cells  had  arrived  in  the  bone 
marrow.  For  this  study,  PC-3Luc  cells  were  inoculated 
into  male  nude  mice  by  intratibial  (i.t.)  injection.  Recipient 
mice  were  randomized  into  treatment  groups  which 
included  pretreatment  with  vehicle  or  bisphosphonate  (3 
pg/kg/day)  for  5  days  preceding  i.t.  injection  of  tumor 
cells,  or  twice  per  week  for  4  weeks  following  i.  t.  inj  ection; 
or  treatment  with  bisphosphonate  or  vehicle  preceding  and 
following  tumor  inoculation.  All  mice  were  sacrificed  at  4 
weeks  following  i.t.  tumor  inoculation.  BioLuminescent 
Imaging  was  performed  once  a  week  for  the  four  weeks 
following  the  i.t.  injection  at  the  University  of  Michigan 
Small  Animal  Imaging  Resource  facility  using  a  CCD 
IVIS  system  with  a  50-mm  lens  (Xenogen  Corp.)  and 
the  results  were  analyzed  using  Livinglmage  software 
(Xenogen).  Here  the  mice  were  injected  with  luciferin 
(40  mg/mL)  i.p.  and  ventral  images  were  acquired  15  min 
postinjection  under  1.75%  isofluorane/air  anesthesia. 
Total  tumor  burden  of  each  animal  was  calculated  using 
regions  of  interest  (ROI)  that  encompassed  the  entire 
animal.  For  tibia-specific  measurements,  ROI  values  were 
recorded  for  each  individual  tibia.  The  size  of  tibia-speci¬ 
fic  lesions  was  quantified  by  luminescent  signal  evident 
at  each  week,  and  the  luminescence  value  of  the  lesion  at 
week  4  were  used  in  results. 

Real  time  PCR  (0PCR) 

Tumor  cell  numbers  were  assessed  using  primer/probe  sets 
including  those  targeting  human  Alu  TaqMan  probes  (F- 
5'-CAT  GGT  GAA  ACC  CCG  TCT  CTA-3',  R-5'-GCC 
TCA  GCC  TCC  CGA  GTA  G-3',  TaqMan  probe-5'- 
FAM-ATT  AGC  CGG  GCG  TGG  TGG  CG-TAMRA- 
3',  Applied  Biosystems).  The  data  were  normalized  to 
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Figure  1.  Osteoclasts  are  not  criti¬ 
cal  for  early  colonization  of  DTCs 
into  the  bone  marrow.  (A)  Experi¬ 
mental  outline  illustrating  the  methods 
and  injection  strategy  for  delivery 
of  vehicle,  AMD3100  (AMD),  and 
Bisphosphonate  (BP)  treatments  along 
with  inoculation  of  human  PCa  into 
mice.  (B)  HSC  numbers  in  bone  mar¬ 
row  were  analyzed  by  FACS.  (C)  The 
short  term  homing  capabilities  of 
DTCs  in  marrow  were  evaluated  after 
24  hours  by  quantifying  HLA-expres- 
sing  PCa  cells  in  marrow.  Data  are 
presented  as  the  mean  ±  standard  error 
(n  =  5).  (D,  E)  Short  term  homing  of 
prostate  cancer  in  vivo  to  bone  by  real 
time  PCR  (gPCR).  The  short  term 
homing  capabilities  were  evaluated 
after  24  hours  by  assessing  gPCR  for 
Alu  and  data  were  normalized  to  total 
mouse  (3-actin.  Data  are  presented  as 
the  mean  d=  standard  error  (n  =  5) 
where  significance  was  determined  by 
using  a  Kruskal- Wallis  test  and 
Dunn’s  multiple  comparisons  with  the 
level  of  significance  set  at  *P  <  0.05. 
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mouse  tissue  (3-Actin  (Mm00607939_sl).  QPCR  was 
performed  using  standard  techniques.  RT  products  were 
analyzed  by  0PCR  in  TaqMan®  Gene  Expression  Assays, 
using  15.0  pi  of  TaqMan®  Universal  PCR  Master  Mix 
(Applied  Biosystems),  1.5  pi  of  TaqMan®  Gene  Expres¬ 
sion  Assay  (forward  and  reverse  primers  at  18  pM  and 
Taqman  probe  at  5  pM),  1  pi  of  the  RT  product,  and  12.5  pi 
of  RNAse/DNAse-free  water  in  a  total  volume  of  30  pi. 
Reactions  without  template  and/or  enzyme  were  used  as 
negative  controls.  The  2nd  step  PCR  reaction  (95°C  for  30 
seconds,  60°C)  ran  for  40  cycles  after  an  initial  single 
cycle  of  95°C  for  15  minutes.  The  PCR  product  was 
detected  using  an  ABI  PRISM  7700  instrument  (Applied 
Biosystems).  RNA  quantity  (CR)  was  normalized  to  the 
housekeeping  gene  (3-Actin  control  by  using  the  formula 

CR  =  2(40‘Ct  °f  samP'e*-(40-Ct  of  control)  The  threshold  cyde 

(Ct)  is  the  cycle  at  which  a  significant  increase  in  fluo¬ 
rescence  occurs. 


Fluorescence-activated  cell  sorting  (FACS) 

The  flow  cytometric  analyses  and  fluorescence-activated 
cell  sorting  (FACS)  were  performed  on  a  FACS  Aria  dual¬ 
laser  flow  cytometer  (Becton  Dickinson,  Franklin  Lakes, 
NJ)  and  data  were  analyzed  with  DIVA  software  (Becton 
Dickinson).  BD  cytometer  setup  and  tracking  beads  kit 
(BD  Biosciences,  Franklin  Lakes,  NJ,  Cat  no.  642412)  are 
used  for  the  daily  instrument  standardization  and  valida¬ 
tion  procedure.  Sorting  calibration  was  performed  before 
each  sort  by  drop-delay  using  Accudrop  beads  (BD  Bio¬ 
sciences,  Cat  no.  345249),  populations  for  sorting  were 
gated  by  forward  and  side  scatter  to  eliminate  the  presence 
of  doublets.  Sorting  of  these  gated  cells  was  done  using  a 
100-pm  nozzle  at  20  psi  in  purity  mode.  Cells  were 
triturated  and  filtered  through  a  nylon  screen  (40  pm;  BD 
Falcon,  Bedford,  MA)  to  obtain  single-cell  suspensions. 

For  determining  HSCs  the  cells  were  incubated  first 
with  an  antibody  cocktail  of  anti-CD150PE  (Clone  TC15- 
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12F12.2,  BioLengend,  San  Diego,  CA),  CD48fitc  (Clone 
BCM-1)  and  CD41fitc  (Clone  MWReg30),  cKitPE'Cy7 
(Clone  2B8)  and  SCA-1apc  Clone  E13-161.7)  for  twenty 
minutes  on  ice.  Hematopoietic  stem  cells  were  sorted  on  a 
FACS  Vantage  dual  laser  flow-cytometer  (Becton  Dick¬ 
inson,  San  Jose,  CA)  by  gating  on  cells  that  are  Sca- 
1  +cKit+CD  1 50+CD4 1  “CD48  ~ .  For  DTCs,  the  bone  mar¬ 
row  was  flushed  from  the  femurs  of  euthanized  mice  and 
depleted  of  hematopoietic-lineage  cells  using  a  Lineage 
Cell  Depletion  Kit  (Miltenyi  Biotec,  130-092-211)  was 
used.  DTCs  were  identified  in  lineage  depleted  murine 
marrow  using  a  fluorescein  isothiocyanate  (FITC)-human 
leukocyte  antigens-A,  B,  and  C  loci  (HLA-ABC)  antibody 
(Biolegend,  San  Diego,  CA,  Cat  no.  311404). 

TRAP  staining 

Mouse  femurs  were  fixed  in  10%  neutral  buffered 
formalin  (Sigma  HT50)  for  24  h  at  room  temperature. 
Following  fixation,  the  samples  were  decalcified  in  10% 
EDTA,  pH  7.5,  for  20  days  and  embedded  in  paraffin. 
Deparaffinized  5  pm  sections  were  rehydrated  and 
stained  for  TRAP  activity  ((Kamiya  Biolmedical  Comp, 
Seattle  WA,  KT-008)  according  to  the  manufacturer’s 
instructions  [2].  TRAP  positive,  multinucleated  cells 
were  quantified  in  random  high  power  fields  under  light 
microscopy  at  20X. 

Statistical  analyses 

All  experiments  were  performed  at  least  three  times  with 
similar  results  and  representative  assays  shown.  Numer¬ 
ical  data  is  expressed  as  mean  ±  standard  error.  Statistical 
analysis  was  performed  by  ANOVA  or  Student’s  t  test 
using  the  GraphPad  Instat  statistical  program  (GraphPad 
Software,  San  Diego,  CA)  with  significance  at  P  <  0.05. 
For  the  <gPCR  assays,  a  Kruskal-Wallis  test  and  Dunn’s 
multiple  comparisons  tests  were  utilized  with  the  level  of 
significance  set  at  P  <  0.05. 

RESULTS 

The  purpose  of  these  studies  was  to  determine  the  role  that 
osteoclasts  play  in  the  early  dissemination  of  tumor  cells  to 
the  bone  marrow  niche.  Previously,  we  demonstrated  that 
DTCs  target  the  HSC  niche  in  marrow  as  a  site  for  homing, 
so  for  these  studies  we  used  AMD3 1 00  to  mobilized  HSCs 
and  progenitor  populations  out  of  the  niche  to  provide 
additional  sites  for  early  metastasis  of  DTCs  (Figure  1A). 
Similarly,  the  bisphosphonate  was  employed  to  limit 
osteoclastic  activity  during  the  initial  seeding  of  DTCs 
into  the  marrow.  As  shown  in  Figure  IB,  HSC  numbers 
identified  by  FACS  in  marrow  decreased  in  response 
to  AMD3100.  Surprisingly,  bisphosphonate  treatment 
resulted  in  enhanced  levels  of  HSCs  present  in  the  bone 
marrow,  presumably  by  inhibiting  the  normal  osteoclastic 
role  in  stem  cell  mobilization.  The  combined  treatment  of 
both  AMD3100  and  bisphosphonate  did  not  result  in  a 
change  of  HSC  numbers  in  marrow  relative  to  vehicle. 


Mobilization  of  HSCs  out  of  the  niche  with  AMD3 100 
increased  the  number  of  DTCs  identified  by  FACS 
staining  in  the  bone  marrow  niche,  albeit  not  to  a 
significant  degree  in  this  short  term  homing  study  (Fig¬ 
ure  1C).  Bisphosphonate  treatment  also  tended  to 
increase  the  overall  number  of  DTCs  present  in  the 
marrow,  suggesting  that  osteoclasts  may  not  be  critical 
for  the  initial  colonization  of  the  marrow  by  DTCs. 
Consistent  with  the  other  groups,  the  combined  treatment 
of  animals  with  AMD3100  and  bisphosphonate  facili¬ 
tated  more  DTCs  in  the  marrow  relative  to  vehicle  alone 
(Figure  1C);  however,  these  changes  were  not  found  to 
result  in  significant  differences  between  the  treatment 
and  the  non-treatment  groups,  or  between  treatment 
groups  (Figure  1C). 

After  sacrificing  the  animals,  the  long  bones  and  select¬ 
ed  tissues  were  isolated  and  tumor  cells  quantified  using 
igPCR  for  human  Alu  against  a  standard  curve  of  human 
PCa  cells  mixed  with  murine  marrow,  and  normalized 
against  total  mouse  (3-actin.  As  shown  in  Figure  ID  for  the 
mandible,  humerus,  femur  and  tibia,  there  were  no  sig¬ 
nificant  differences  in  the  number  of  DTCs  present  across 
the  treatment  groups.  In  the  peripheral  blood,  while  there 
were  no  significant  differences  in  the  number  of  PCa 
identified  across  the  treatment  groups,  there  was  a  trend 
for  more  PCa  cells  in  the  blood  following  AMD3100 
treatments,  and  less  following  bisphosphonate  adminis¬ 
tration  (Figure  IE). 

To  validate  that  the  treatment  with  bisphosphonate 
resulted  in  osteoclast  inhibition,  immunohistochemistry 
for  TRAP  was  performed  in  long  bone  samples.  Compared 
to  untreated  controls,  AMD3100  treatment  alone  resulted 
in  the  enhanced  expression  of  TRAP  positive  multinucle¬ 
ated  cells  in  the  long  bones  of  the  animals,  whereas 
pretreatment  with  bisphosphonate  reduced  the  basal  levels 
of  TRAP  staining  in  the  long  bones,  however  these 
differences  were  not  statistically  significant.  Importantly, 
when  PCa  was  not  present,  AMD3100  treatment  in  con¬ 
junction  with  the  bisphosphonate  reduced  the  expression 
of  TRAP  staining  compared  to  AMD3 1 00  treatment  alone. 
As  demonstrated  in  Figure  2A  and  quantified  in  Figure  2B, 
a  significant  increase  in  TRAP  staining  was  evident  in  the 
vehicle  treated  animals  even  as  early  as  24  h  after  injection 
of  PCa.  This  dramatic  increase  in  TRAP  suggests  that  the 
presence  of  PCa  cells  is  rapidly  able  to  activate  osteoclas¬ 
tic  activity,  and  this  activity  remained  elevated  despite 
treatment  with  AMD3100,  bisphosphonate,  alone  or  in 
combination. 

To  validate  that  our  model  was  sufficient  to  determine 
whether  osteoclasts  play  a  role  in  early  tumor  dissem¬ 
ination,  we  further  explored  the  role  of  osteoclasts  in  a 
model  where  tumor  cells  are  placed  directly  into  the 
marrow  (Figure  3 A).  Following  i.t.  injection,  tumor 
growth  in  the  vehicle  treated  animals  followed  the 
expected  pattern  of  tumor  growth  and  by  4  weeks  the 
BLI  signal  intensity  prompted  us  to  terminate  the  study 
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Figure  2.  Quantification  of  osteoclasts  during  short  term  PCa 
homing.  After  fixation  and  longitudinal  sectioning  across  an  entire 
femur,  TRAP  staining  was  performed.  Osteoclasts  were  defined  as 
TRAP  staining  positive  cells  with  >3  nucli.  (A)  Co-administration 
of  Bisphosphonate  and  AMD3100  reduces  the  osteoclast  numbers 
in  the  absence  of  prostate  cancer  but  did  not  exert  the  same  effect  in 
the  presence  of  prostate  cancer.  The  femurs  were  decalcified  and 
stained  for  TRAP  activity,  as  shown  in  Figure  2 A.  (B)  Quantifica¬ 
tion  of  Figure  2A.  Data  are  presented  as  the  mean  ±  standard  error 

in  =  5). 


(Figure  3B).  Pretreatment  of  animals  with  bisphospho¬ 
nate  prior  to  inoculation  with  PCa  reduced  overall  tumor 
growth  in  the  i.t.  model;  however  these  differences  did 
not  rise  to  the  level  of  statistical  significance.  Similarly, 
treatment  of  the  animals  with  bisphosphonate  after 
tumor  inoculation  reduced  overall  tumor  growth  during 
the  four-week  study,  but  these  differences  did  not  prove 
to  be  significant  relative  to  the  vehicle  treated  animals. 
Osteoclast  inhibition  prior  to  and  after  inoculation  of 
tumor  cells  directly  into  the  tibia  did  however  signifi¬ 
cantly  blunt  tumor  growth  compared  to  vehicle  treated 
controls  in  this  model. 

DISCUSSION 

The  use  of  osteoclast  inhibitors  is  a  mainstay  of  cancer 
therapy  for  those  individuals  with  skeletal  metastases. 
Conventional  wisdom  dictates  that  inhibition  of  osteoclast 
activity  in  a  metastatic  environment  may  help  to  reduce 
growth  of  tumors  in  bone.  Previously,  we  established  an 
experimental  model,  which  demonstrated  that  DTCs  of 
PCa  are  able  to  compete  for  occupancy  of  the  HSC  niche 
[5].  Osteoclasts  are  thought  to  play  a  role  in  HSC  mobi¬ 
lization,  and  are  also  known  to  support  tumor  growth  in 
bone  through  activation  of  what  has  been  termed  a  ’’vicious 
cycle”,  in  which  bone  resorption  releases  factors  which 
stimulate  tumor  growth,  which  in  turn  stimulates  osteo¬ 


clastic  activity.  We  addressed  whether  an  additional  func¬ 
tion  of  osteoclastic  activity  is  involved  in  regulating  the 
initial  seeding  of  DTCs  into  the  HSC  niche. 

The  results  from  this  study  demonstrate  that  osteoclas¬ 
tic  inhibition  with  bisphosphonate  did  not  influence  the 
number  of  DTCs  identified  in  the  bone  marrow  of  animals 
with  in  24  h  of  inoculation.  Yet  when  tumors  were  pre- 
established  in  the  bones  of  the  animals,  osteoclastic  inhi¬ 
bition  played  a  role  in  limiting  tumor  growth.  Within  the 
limits  of  our  studies,  we  observed  that  osteoclasts  are  not 
necessary  for  the  initial  establishment  of  DTCs  from  PCa 
in  the  marrow  (Figure  4).  While  osteoclasts  are  apparently 
not  involved  in  these  initial  processes,  it  is  likely  that 
multiple  cells  and  molecules  regulate  the  establishment  of 
initial  footholds  for  DTCs  in  marrow.  Many  of  these  are 
likely  to  include  factors  which  regulate  the  adhesion  and 
migration  out  of  the  circulation  and  into  the  bone  marrow 
parenchyma,  including  endothelial  cells,  vascular  endo¬ 
thelial  adhesion  molecules  (e.g.  VCAM-1),  and  HSC- 
regulating  factors,  including  stromal-derived  factor- 1 
(SDF-1  or  CXCL12),  as  well  as  physical  factors  including 
the  number  and  occupancy  of  HSC  niches.  Yet,  osteoclasts 
are  clearly  important  for  tumor  growth  within  the  skeleton, 
as  has  been  shown  clinically  with  potent  osteoclast 
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Figure  3.  Osteoclastic  activity  participates  in  supporting  tumor 
growth  after  dissemination.  (A)  Experimental  outline  illustrating 
the  methods  and  injection  strategy  for  injection  of  bisphosphonate 
(BP)  treatments  prior  to  (Pre-Tx)  and  following  (Post-Tx)  PCa 
injection.  (B)  Quantification  of  tumor  growth  over  time  by  biolu- 
minescent  imaging  following  AMD  and  BP  treatments.  The  data 
demonstrate  that  tumor  growth  was  best  inhibited  by  the  combined 
treatment  of  bisphosphonate  delivered  pre  and  post  tumor  implan¬ 
tation.  The  mice  were  imaged  every  4  weeks,  with  Bio-luminescent 
Imaging,  after  intra-tibial  injection  of  PC3Luc  cells.  Data  is  pre¬ 
sented  as  the  mean  ±  standard  error  ( n  =  3). 
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Figure  4.  Model  For  Osteoclastic  Support  for  DTC  Dissemi¬ 
nation  and  Metastatic  Growth.  Osteoclasts  play  a  significant  role 
in  regulating  HSC  number  in  bone  marrow  by  regulating  HSC 
egress  during  mobilizing  events.  Conversely,  occupancy  of  the  HSC 
niche  by  DTCs  during  the  initial  seeding  of  DTCs  is  not  regulated 
significantly  by  osteoclastic  activity.  Yet  once  in  the  niche,  oste¬ 
oclastic  activity  participates  in  the  support  of  tumor  growth  in 
marrow  as  described  in  the  Vicious  Cycle  Theory  [  3]. 


inhibitors  (bisphosphonates  and  denosumab),  which 
decrease  the  risk  of  skeletal  related  events  (SRE)  and  thus 
improve  quality  of  life  and  survival  (Figure  4). 

One  important  caveat,  which  pertains  to  our  findings 
and  is  of  particular  note,  is  that  osteoclastic  TRAP  activity 
was  increased  in  the  marrow  of  the  experimental  animals 
as  early  as  24  h  after  introduction  of  PCa  into  the  circu¬ 
lation.  This  also  occurred  in  animals  that  were  treated  with 
bisphosphonate  prior  to  tumor  inoculation.  These  obser¬ 
vations  suggest  that  preexisting  osteoclast  precursors  or 
mature  osteoclasts  in  our  animals  were  not  completely 
inhibited  by  our  treatments  and  thus  we  can  not  completely 
rule  out  that  osteoclasts  may  play  in  regulating  early 
metastatic  seeding.  However,  our  findings  that  AMD3 100 
and  bisphosphonates  do  regulate  HSC  mobilization  as 
predicted,  suggests  that  perhaps  the  activities  of  osteo¬ 
clasts  may  have  many  different  functions,  some  of  which 
are  not  exclusively  related  to  bone  turnover.  For  example, 
osteoclasts  may  produce  factors  which  regulate  HSC 
homing  independent  of  tissue  resorption.  However  this 
notion  requires  further  proof  and  would  prove  difficult  to 
dissociate  from  the  known  role  that  HSCs  play  in  bone 
formation  [11]. 

From  a  clinical  perspective,  our  findings  suggest  that 
osteoclast  inhibition  therapy  for  patients  with  primary 
disease,  aimed  at  preventing  the  establishment  of  DTCs 
in  bone,  is  not  likely  to  prove  beneficial.  There  are  several 
reasons  for  this  conclusion.  First  and  foremost,  by  the  time 


of  diagnosis  of  PCa,  tumor  cells  have  already  disseminat¬ 
ed,  in  the  majority  of  cases  [12].  The  reason  for  this  is 
unclear  other  than  to  surmise  that  shedding  of  tumor  cells 
from  a  primary  tumor  must  occur  relatively  early  in  tumor 
progression.  Thus,  if  conventional  wisdom  prevails,  in 
order  to  have  an  effect  on  the  prevention  of  the  establish¬ 
ment  of  DTCs  in  marrow,  it  would  be  necessary  to  place  all 
men  on  prophylactic  osteoclastic  inhibition  therapy;  for 
which  enforcement  would  be  impossible  and  benefits 
might  well  be  minimal.  Moreover,  most  men  who  are 
diagnosed  with  PCa  are  cured  with  local/regional  or 
systemic  therapeutics,  so  addition  of  DTC  prophylaxis 
for  most  men  would  not  provide  any  additional  therapeutic 
gain.  However  for  those  who  do  progress  to  develop 
skeletal  related  events  (SREs),  osteoclastic  inhibition  used 
to  target  dissemination  events  would  probably  not  be 
effective  since,  as  our  study  shows,  the  establishment  of 
DTCs  in  marrow  appears  to  be  osteoclast-independent. 

There  are  however  constraints  to  our  studies.  First  is  the 
inherent  limitation  of  examining  the  biology  of  human 
PCa  in  a  murine  model,  which  requires  the  use  of  immune 
deficient  mice.  Moreover,  the  intracardiac  and  intratibial 
injection  models  bypass  the  establishment  of  true  circu¬ 
lating  tumor  cells  (CTCs)  from  a  primary  tumor  in  the 
marrow,  and  therefore  also  bypass  the  mechanisms  that 
may  regulate  osteoclastic  activity  prior  to  the  arrival  of 
CTCs/DTCs.  This  is  a  real  possibility  given  the  rapid 
induction  of  TRAP  staining  in  the  marrows  of  animals 
injected  with  PCa  24  h  prior  to  sacrifice.  Second,  the 
bisphosphonate  used  in  this  animal  system  did  not  produce 
absolute  elimination  of  osteoclastic  activity.  Given  the 
limited  numbers  of  DTCs  found  in  these  studies  in  the 
marrow  of  the  untreated  animals,  incomplete  blockade  is 
likely  to  produce  bias  in  our  data  interpretation. 

In  summary,  our  data  suggests  that  osteoclasts  are  not 
critical  in  the  earliest  stages  of  metastasis  to  the  bone 
marrow.  Therefore  the  data  suggests  that  targeting  oste¬ 
oclastic  activity  prior  to  DTC  seeding  is  not  likely  to  prove 
beneficial  in  a  clinical  setting.  However,  once  established 
in  bone,  osteoclastic  activities  do  play  a  significant  role 
in  driving  tumor  growth  once  tumor  cells  become  estab¬ 
lished  in  bone.  Moreover,  our  data  suggests  that  osteo¬ 
clastic  induction  may  be  an  early  response  of  osteoclastic 
precursors  early  in  skeletal  metastasis,  and  therefore 
the  induction  of  these  precursors  could  be  indicative  of 
subsequent  growth  and  therefore  may  serve  as  an  early 
predictor  of  the  clinical  course  of  disease.  Clearly  further 
investigation  is  warranted. 
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ABSTRACT 

Dissemination  of  cancer  stem  cells  (CSCs)  serves  as  the  basis  of  metastasis. 
Recently,  we  demonstrated  that  circulating  prostate  cancer  targets  the  hematopoietic 
stem  cell  (HSCs)  'niche'  in  marrow  during  dissemination.  Once  in  the  niche, 
disseminated  tumor  cells  (DTCs)  may  remain  dormant  for  extended  periods.  As  the 
major  function  of  the  HSC  niche  is  to  maintain  stem  cell  functions,  we  hypothesized 
that  the  niche  regulates  CSC  activities  of  DTCs.  Here  we  show  that  DTCs  recovered  from 
marrow  were  significantly  enriched  for  a  CSC  phenotype.  Critically,  the  conversion  of 
DTCs  to  CSCs  is  regulated  by  niche-derived  GAS6  through  the  Mer/mTOR;  molecules 
previously  shown  to  regulate  dormancy.  The  data  demonstrate  that  the  niche  plays  a 
significant  role  in  maintaining  tumor-initiating  prostate  cancer  in  marrow  and  suggests 
a  functional  relationship  between  CSCs  and  dormancy.  Understanding  how  the  marrow 
niche  regulates  the  conversion  of  DTCs  to  CSCs  is  critical  for  the  development  of 
therapeutics  specifically  targeting  skeletal  bone  metastasis  and  dormancy. 


INTRODUCTION 

Every  year,  patients  who  thought  they  were  cured 
of  prostate  cancer  by  radiation  or  surgery  present  with 
incurable  metastatic  disease  in  their  skeleton  [1].  Previously, 
we  showed  that  circulating  prostate  cancer  targets  the  bone 
marrow  ‘niche’  that  houses  hematopoietic  stem  cells  (HSCs) 
and,  critically,  that  disseminated  tumor  cells  (DTCs)  compete 
with  HSCs  for  occupancy  of  that  niche  [2].  Once  in  the  niche, 
DTCs  may  remain  viable  for  extended  periods  [3-7],  yet 
little  is  understood  about  how  disseminated  prostate  cancer 
remains  viable  and  later  develop  into  skeletal  metastases. 
Many  believe  cancer  stem-like  cells  (CSCs)  are  culpable. 


The  hypothesis  that  tumors  depend  on  a  small 
fraction  of  cells,  or  CSCs,  for  long-term  survival  was 
proposed  based  upon  data  demonstrating  that  subsets 
of  human  leukemic  cells  transferred  tumor-initiating 
activities  to  SCID  mice  [8].  More  recent  experimentation 
suggests  that  CSCs  have  the  ability  to  self-renew  and  to 
generate  multiple  ‘mature’  tumor  progeny  [9].  Generally, 
freshly  isolated  CSCs  exhibit  low  proliferative  activity 
and,  as  a  result,  possess  chemo-  and  radio-resistance 
[10].  From  these  observations,  it  has  been  assumed  that 
CSCs  are  typically  dormant,  and  their  later  regrowth  is 
responsible  for  metastases.  As  the  molecular  machinery  of 
the  HSC  niche  is  designed  to  regulate  stem  cell  quiescence 
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and  self-renewal  [11],  we  therefore  hypothesized  that 
DTCs  may  be  converted  to  a  CSC  phenotype  through 
engagement  with  the  niche,  thus  establishing  a  future  site 
of  metastasis. 

Using  murine  models  of  human  metastasis,  we 
show  that  DTCs  recovered  from  marrow  are  significantly 
enriched  for  a  CSC  phenotype.  The  conversion  to  CSCs 
was  observed  in  DTCs  following  the  injection  of  only  non- 
CSCs,  and  occurred  primarily  in  the  marrow.  The  CSCs 
in  marrow  were  maintained  over  time,  and  was  not  due 
to  effects  on  proliferation,  homing,  or  cell  survival  in  the 
circulation.  Importantly,  growth  arrest  specific  6  (GAS6), 
which  influences  prostate  cancer  dormancy  [12-14],  and 
is  secreted  by  the  osteoblastic  niche  [12],  regulates  part 
of  the  conversion  of  DTCs  into  CSCs  through  its  receptor 
Mer,  by  activating  the  mTOR  signaling  pathway  following 
cell-to-cell  contact.  These  data  demonstrate  that  the 
HSC  niche  plays  a  significant  role  in  the  production  and 
maintenance  of  tumor- initiating  CSCs  in  marrow. 

RESULTS 

Disseminated  prostate  cancer  are  converted  to 
the  CSC  within  the  marrow  microenvironment 

Previously  we  showed  that  early  in  the  metastatic 
process  prostate  cancer  targets  and  commandeers  the 
marrow  microenvironment  or  “niche”  which  houses 
HSCs,  using  mechanisms  similar  to  those  involved  in 
HSC  homing  [2].  Subsequently,  these  disseminated 
prostate  cancer  parasitizes  this  microenvironment  to 
become  dormant  and  survive  within  the  marrow  [12]. 
Since  the  major  function  of  the  HSC  niche  is  to  maintain 
stem  cell  functions,  we  hypothesized  that  engagement  of 
DTCs  within  the  niche  regulates  CSC  activities.  To  test 
our  hypothesis,  the  expression  of  CD  133  and  CD44  was 
first  analyzed  on  tissue  microarrays  from  prostate  cancer 
patients  since  prostate  cancer  expressing  both  CD  133  and 
CD44  represent  a  rare  population  of  cells  with  stem  cell¬ 
like  properties  [15].  Intriguingly,  the  number  of  CSCs 
(CD1337CD44+)  was  enhanced  with  increasing  tumor 
grade  (Figure  1A-1B). 

To  further  explore  how  the  niche  regulates  CSC 
activities  we  developed  a  reproducible  assay  in  which 
DTCs  derived  from  human  tumors  grown  in  SCID 
mice  can  be  recovered  with  high  fidelity  from  murine 
marrow.  We  found  that  unlike  EpCAM  and  cytokeratin, 
antibodies  targeting  HLA-ABC  represent  a  stable  and 
suitable  approach  for  capturing  DTCs.  First,  we  used 
flow  cytometry  to  evaluate  the  basal  levels  of  cytokeratin 
and  EpCAM  on  the  surface  of  human  prostate  cancer 
cell  lines  (PC3,  DU145,  LNCaP,  and  C4-2B),  with 
leukemia  cell  lines  (RCH-ACV,  697,  Nalm6  and  RS4;11) 
as  controls.  Prostate  cancer  cells  expressed  low  or 
moderate  levels  of  cytokeratin  and  high  levels  of  EpCAM 
in  vitro ,  while  levels  of  both  were  low  in  the  leukemia 


lines  (Figure  SI  A).  However,  since  the  cytokeratin  and 
EpCAM  levels  were  variable,  we  explored  using  HLA 
expression  as  an  alternative  molecular  probe  for  recovery 
of  human  DTCs  from  murine  marrow.  We  found  that  the 
HLA-ABC  antigen  was  highly  expressed  on  all  prostate 
cancer  cells  tested  (Figure  SI  A).  Therefore  intracardiac 
injections  of  prostate  cancer  cells  into  SCID  mice  were 
performed  to  determine  if  human  prostate  cancer  cells 
could  be  isolated  from  murine  marrow  using  anti-HLA- 
ABC  antibodies  (Figure  SIB).  Depending  on  the  cell  line 
examined,  10.5  ±  2.3  %  to  16.7  ±  2.5  %  of  the  lineage 
depleted  marrow  cells  expressed  HLA-ABC  24  hours  post 
injection  (Figure  SIC).  As  previously  described  [16],  the 
expression  of  cytokeratin  and  EpCAM  varied  considerably 
in  vitro  (Figure  SI  A)  and  in  vivo  (Figure  SID),  however 
almost  all  cytokeratin  (Figure  S1E)  and  EpCAM  positive 
prostate  cancer  cells  (Figure  S1F)  expressed  HLA-ABC 
on  their  surface.  This  strategy  was  validated  in  two  ways: 
First,  prostate  cancer  cells  injected  intratibially  were 
visualized  after  24  hours  in  situ  by  immunofluorescent 
imaging  for  HLA-ABC  (Figure  S1G);  second,  specificity 
was  confirmed  by  inoculating  SCID  mice  with  GFP 
(green)-labeled  PCa  cells  and  recovering  the  DTCs  from 
the  marrow  using  APC  (red)-labeled  anti-HLA-ABC 
antibodies.  As  predicted,  the  cells  isolated  with  the  anti- 
HLA-ABC  antibodies  expressed  GFP  (Figure  S1H-S1I). 
These  data  confirmed  that  HLA-ABC  is  a  suitable  marker 
for  capturing  human  disseminated  prostate  cancer  cells 
from  marrow  in  animal  models. 

Using  this  approach,  we  compared  the  relative 
numbers  of  CSCs  in  vitro  with  CSCs  in  vivo.  As 
predicted,  the  frequency  of  CSCs  in  vitro  was  extremely 
low  (Figures  1C  and  S2A).  Interestingly,  24  h  after 
intracardiac  injection,  the  CSC  population  of  DTCs 
isolated  from  mouse  marrow  was  more  than  20%  of 
total  DTCs  (Figures  1C  and  S2B);  a  significant  increase 
within  a  short  time  period.  The  expansion  of  the  CSCs 
was  observed  even  following  intracardiac  injection  of  a 
non- CSC  (CD133  /CD44  )  (Figures  ID  and  S3A-S3B). 
Similar  population  shifts  of  non-CSC  to  CSC  were 
observed  in  vitro,  albeit  not  to  the  extent  observed  in  vivo 
(Figures  ID  and  S3A-S3B),  suggesting  that  the  enrichment 
of  CSCs  is  due  to  the  conversion  of  non-CSCs  into  CSCs. 
Significantly,  the  enrichment  of  CSCs  occurred  only  when 
prostate  cancer  cells  spread  to  the  marrow,  not  the  lung  or 
spleen,  suggesting  organ  specificity  (Figure  IE). 

CSC  enrichment  in  marrow  is  not  due  to 
selection  and  is  not  an  acute  response 

To  exclude  the  possibility  that  the  increase  in  the 
CSCs  is  not  merely  an  acute  response  to  the  marrow 
environment,  cells  were  recovered  from  marrow  over 
time.  The  conversion  to  the  CSCs  in  vivo  was  maintained 
over  4  weeks  (Figure  2A-2B),  and  the  expression  of  stem 
cell-related  genes,  KLF4,  Bmi-1,  and  Nanog,  increased 
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0.9  ±  0.6% 

0.2  ±  0.0% 

Figure  1:  Enrichment  of  CSCs  in  disseminated  prostate  cancer.  (A)  Representative  elements  of  a  prostate  cancer  tissue 
microarray  co-stained  with  anti-CD  133  and  anti-CD44  antibodies.  Nuclei  were  identified  by  DAPI.  (60x  Zoom2,  Bar  =  20  pm). 

(B)  Quantitative  analysis  of  CSC  staining  in  Figure  1A.  *p  <  0.05  and  #p  <  0.01  (Student’s  t-test).  BPH:  benign  prostatic  hyperplasia; 
PIN:  prostatic  intraepithelial  neoplasia;  Primary  prostate  cancer:  primary  prostate  cancer;  and  Bone  mets:  bone  metastatic  prostate  cancer. 

(C)  The  %  of  CSC  population  in  in  vitro  cultured  prostate  cancer  and  in  vivo  DTCs  by  flow  cytometry.  Significance  vs.  in  vitro  cultured 
prostate  cancer  (Student’s  t  test).  (D)  Non-CSC  prostate  cancer  cells  were  sorted  and  subsequent  flow  cytometry  analyses  confirmed  no 
residual  contamination  of  CSC  cells.  Pure  non-CSCs  were  either  inoculated  into  SCID  mice  through  intracardiac  injection  ( n  =  5)  or  cultured 
in  vitro,  and  the  CSC  population  was  analyzed.  (E)  CSC  expression  in  prostate  cancer  recovered  from  the  lung,  spleen,  or  bone  marrow 
following  intracardiac  injection  ( n  =  5).  *p  <  0.05  and  #p  <  0.01  vs.  in  vitro  cultured  prostate  cancer  (Student’s  t  test). 
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in  the  CSCs  (Figure  2C-2D).  Post  intracardiac  injection, 
the  presence  of  DTCs  in  marrow  initially  alters  cytokine 
production,  but  cytokine  levels  return  to  basal  levels 
quickly,  suggesting  these  proteins  may  not  play  a  major 
role  in  the  CSC  conversion  (Figure  2E-2F). 

We  next  dissected  the  mechanisms  involved  in 
the  conversion  to  the  CSCs.  Rapid  proliferation  was 
one  potential  mechanism  to  account  for  a  larger  CSC 
population.  To  assess  this  possibility,  prostate  cancer 
cells  were  stained  with  BrdU  prior  to  injection.  The  CSCs 
recovered  from  marrow  (24  h  after  injection)  retained 
almost  100%  of  the  BrdU  detected  before  injection,  while 
the  population  as  a  whole  demonstrated  the  reductions 
in  BrdU  retention  (Figure  2G),  suggesting  that  non-CSC 
populations  had  undergone  replication. 

A  second  possibility  worthy  of  consideration  is 
that  of  selective  CSC  homing  to  marrow.  To  address  this 
possibility,  direct  intraskeletal  injections  of  prostate  cancer 
were  performed.  The  increase  in  CSCs  was  the  same  as 
that  seen  in  intracardiac  injections  (Figure  2H),  suggesting 
that  the  homing  process  does  not  account  for  the  changes 
in  population  frequency.  Next,  to  evaluate  the  possibility 
of  a  specific  CSC  survival  advantage  in  circulation,  a 
microfluidic  device  was  fabricated  (Figure  S4A),  which 
exposed  cells  to  sheer  stresses  comparable  to  those  present 
in  the  circulation.  To  take  into  account  the  additional 
effects  of  blood  cells  and  serum  on  survival,  prostate 
cancer  cells  were  incubated  with  mouse  blood.  Based 
upon  the  results  (Figure  S4B),  selective  survival  of  the 
CSCs  in  circulation  was  an  unlikely  mechanism  to  account 
for  the  increase  in  the  CSCs. 

The  CSCs  possess  stem  cell-like  properties 

We  next  validated  that  the  CSCs  examined  in  this 
study  exhibit  a  stem  cell-like  phenotype.  Microarray 
analyses  revealed  that  in  vivo  DTCs  displayed  different 
stem  like  properties  (genes  were  selected  from  the 
GO  database  using  the  GO  term  “stem  cell”)  than  cells 
in  vitro  (expression  values)  (Figure  3  A  and  Tables  S1-S2). 
However,  there  were  no  differences  in  the  gene  expression 
of  aldehyde  dehydrogenase  1A2  (ALDH1A2)  related  to 
ALDH  activity  (one  of  the  markers  for  CSCs  including 
prostate  cancer  [17])  between  CSCs  and  non-CSCs  that 
are  used  in  this  study  (Figure  3 A  and  Tables  S1-S2). 
Interestingly,  619  genes  (including  EpCAM)  were 
differentially  expressed  (Wilcoxon  rank  sum  p-v alue 
<  0.05)  between  CSC  and  non-CSC  obtained  from 
murine  marrow  (Figures  3B  and  S5A,  and  Tables  S3), 
and  in  particular  gene  sets  associated  with  stem  cell 
activities  were  enriched  in  in  vivo  CSCs  including  Nuclear 
Receptors  in  Lipid  Metabolism  and  Toxicity,  Ca++/ 
Calmodulin-dependent  Protein  Kinase  Activation,  and 
Cell  Cycle:  G2/M  Checkpoints  (Figure  S5B).  These  global 
changes  in  gene  expression  suggest  that  the  marrow  niche 
plays  a  significant  role  in  activating  CSC  programs.  These 


differences  were  further  defined  by  0RT-PCR.  The  levels 
of  mRNA  expression  for  KLF  4,  Bmi-1,  and  Nanog  were 
dramatically  increased  overall  in  CSCs  recovered  from 
marrow  verses  in  vitro  (Figure  3C-3E).  The  microarray 
and  PCR  data  further  confirmed  that  CSCs  obtained  from 
murine  marrow  using  HLA-ABC  are  human  disseminated 
prostate  cancer  cells.  In  spite  of  their  rarity,  the  CSCs 
isolated  from  marrow,  when  placed  into  culture,  formed 
sphere-like  structures  (not  shown).  Additionally,  the  CSCs 
increased  tumorigenic  abilities  both  in  vitro  (Figure  3F) 
and  in  vivo  (Figure  3G),  and  resistance  to  chemotherapy 
(Figure  3H),  as  expected  for  non-proliferating  stem-like 
cells. 

Molecular  mechanisms  used  by  the  osteoblastic 
niche  to  convert  DTCs  to  CSCs 

To  identify  the  molecular  mechanisms  that  regulate 
the  shift  of  non-CSCs  to  CSCs  in  marrow,  we  studied 
co-cultures  of  prostate  cancer  and  osteoblasts  as  DTCs 
compete  for  the  occupancy  of  the  osteoblastic  niche 
[2],  although  certainly  other  components  of  the  HSC 
niche  are  also  involved.  Under  conditions  of  direct  cell- 
to-cell  contact,  a  significant  shift  of  non-CSC  to  CSCs 
was  observed  (Figure  4A).  Since  GAS6  expressed 
by  osteoblasts  influences  the  proliferation  of  prostate 
cancer  [12],  and  our  microarray  data  suggests  increased 
expression  of  Mer  (one  of  the  receptors  for  GAS6) 
in  CSCs  (Figure  S5A),  we  asked  whether  GAS6 
influences  the  conversion  of  non-CSCs  to  CSCs.  When 
prostate  cancer  cells  were  co-cultured  with  osteoblasts 
isolated  from  GAS6-null  mice,  the  conversion  to  CSCs 
was  significantly,  although  not  completely,  diminished 
(Figure  4A).  Moreover,  when  prostate  cancer  cells  were 
injected  into  wild-type  or  GAS6-null  skeletal  tissue, 
significantly  greater  CSCs  were  identified  near  the 
endosteal  surfaces  of  GAS 6  expressing  tissues  compared 
to  tissues  lacking  GAS6  (Figure  4B^-C).  Next,  we 
explored  the  downstream  signaling  activated  by  GAS 6 
that  is  involved  in  the  expression  of  the  CSC  phenotype. 
Since  the  mTOR  has  been  demonstrated  to  play  a  pivotal 
role  in  maintaining  both  a  CSC  phenotype  and  an 
HSC  phenotype  in  the  niche  [18,  19],  we  explored  the 
possibility  that  GAS 6  activation  of  mTOR  may  represent 
a  critical  switch  regulating  the  CSC  phenotype.  We  found 
that  GAS6  triggered  mTOR  signaling  in  prostate  cancer, 
with  increases  seen  in  both  mTORCl  and  mTORC2 
(Figures  4D  and  S6A-S6B),  and  these  were  diminished  by 
the  mTORCl  inhibitor  rapamycin  and  the  dual  mTORCl/2 
inhibitor  pp242  (Figures  4E,  S6C-S6D,  and  S7A-S7B). 

To  identify  which  of  the  GAS6  receptors  (Tyro3, 
Axl,  and  Mer)  is  responsible  for  mTOR  activation, 
targeted  deletion  of  each  of  the  three  receptors  was 
performed  (Figure  S8A-S8B).  When  Mer  was  reduced 
in  prostate  cancer  via  shRNA  (Figures  5 A,  S9,  and  S10), 
or  a  Mer  inhibitor  was  employed  (Figures  5B  and  S 1 1), 
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Figure  2:  The  increase  in  the  CSCs  in  marrow  is  not  an  acute  phase  response  and  not  due  to  selection.  The  CSCs  in 
prostate  cancer  recovered  from  bone  marrow  ((A)  PC3  and  (B)  C4-2B),  mRNA  expression  in  prostate  cancer  cells  ((C)  PC3  and  (D) 
C4-  2B),  and  secretion  of  inflammatory  cytokines  in  marrow  ((E)  PC3  and  (F)  C4-2B)  analyzed  over  time  (n  =  5  per  week).  (G)  Intracardiac 
injection  of  BrdU  stained  prostate  cancer  was  performed  ( n  =  5).  After  24  h  injection,  BrdU  levels  in  DTCs  were  examined  in  the  CSC  vs. 
whole  populations.  *p  <  0.05  (Student’s  t-test).  (H)  Prostate  cancer  was  inoculated  intratibially,  and  evaluated  for  CSCs  after  24  h  (n  =  5). 
*p  <  0.05  vs.  in  vitro  cultured  prostate  cancer  (Student’s  t-test). 
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Figure  3:  Stem-like  properties  of  CSCs.  (A)  Heatmap  of  stem  cell  related  genes  comparing  CSC  and  non-CSC  (in  vitro  and 
in  vivo).  (B)  Heatmap  of  619  differentially  expressed  genes  in  CSCs  and  non-CSCs  (Wilcoxon  Rank  Sum p  <  0.05,  cells  were  obtained  from 
5  animals  /  experiments).  mRNA  expression  of  (C)  KLF4,  (D)  Bmi-1,  and  (E)  Nanog  in  CSC  and  non-CSC  (in  vitro  and  in  vivo).  <  0.05 
and  #p  <  0.01  vs.  non-CSC  (Kruskal- Wallis  test).  (F)  In  vitro  sphere  formation  assays,  (G)  In  vivo  serial  dilution  stem  cell  assays  (numbers 
correspond  to  tumors/implant),  and  (H)  Chemo-resistance  assays  after  docetaxel  treatment  (%  of  CSCs  with/without  docetaxel  treatment). 
*p  <  0.05  and  #p  <  0.01  vs.  vehicle  treatment  (Student’s  /-test). 
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Figure  4:  GAS6  expressed  by  the  osteoblastic  niche  controls  the  conversion  of  DTCs  to  CSCs  through  mTOR 
signaling.  (A)  The  %  of  CSCs  by  flow  cytometry  in  PC3  cells  co-cultured  with  osteoblasts  from  GAS6+I+  (WT)  and  GAS6~'~  (GAS6KO) 
mice  (Student’s  Mest).  (B)  PC3  cells  (1  x  104  cells  per  10  jiL)  were  placed  directly  into  vertebral  bodies  (vossicles)  derived  from  WT  and 
GAS6KO  mice  and  transplanted  into  immunodeficient  mice  ( n  =  6).  At  1  month,  the  vossicles  were  dissected,  and  the  expression  of  CSCs 
by  prostate  cancer  was  evaluated  by  immunohistochemistry.  (60x  Zoom  2.5,  Bar  =  20  pm).  Arrows  denote  CSCs.  (C)  Quantitative  analysis 
of  CSC  staining  in  Figure  4B.  The  CD133+CD44+  cells  within  six  randomly  selected  representative  images  per  group  were  counted,  and 
then  normalized  with  total  numbers  of  cells.  *p  <  0.05  vs.  CSCs  in  WT  vossicle  (Student’s  f-test).  (D)  Activation  of  mTOR  signaling  with 
GAS6  treatment  in  prostate  cancer.  (E)  Activation  of  mTOR  signaling  with  GAS6  treatment  in  prostate  cancer  in  the  presence/absence  of 
mTOR  inhibitors  (Rapamycin,  13346,  Cayman  Chemical;  andpp242,  13643,  Cayman  Chemical). 
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mTORC2  signaling  activated  by  GAS6  was  decreased, 
which  was  not  observed  with  reduced  Tyro3  and  Axl 
expression.  Activation  of  mTORCl  in  shMer  cells 
was  also  reduced  compared  to  shTyro3  and  shAxl  cells 
(Figure  5A).  These  results  suggest  that  the  increase  in  the 
CSCs  is  mediated  through  the  GAS6/Mer  axis.  To  test 
the  roles  of  PTEN  in  this  system,  DU  145  was  used,  since 
DU  145  expresses  PTEN,  while  PC3  and  C4-2B  are  PTEN 
deficient  [15,  20].  As  in  PC3  and  C4-2B,  Mer  inhibitor 
blocked  mTORC2  activation  in  DU145  (Figures  S12A 
and  S13A).  However,  when  shMer  DU145  cells  were 
treated  with  GAS6,  mTORC2  signaling  was  unaffected 
(Figures  S12B  and  S13B),  which  we  attributed  to  the 
high  residual  levels  of  MER,  when  compared  to  PC3  and 
C4-2B  (Figure  S14).  These  data  suggest  that  PTEN  status 
is  likely  involved  in  mTOR  activation  through  GAS6/Mer, 
but  PTEN  is  unable  to  prevent  the  conversion  to  CSCs  in 
DU  145  (Figure  1C).  Moreover,  the  Mer  inhibitor  prevents 
sphere-forming  ability  of  prostate  cancer  (Figures  6A-6B 
and  S15),  while  it  did  not  affect  cell  viability  (Figure  6C). 
Additionally,  the  conversion  to  CSC  by  direct  contact 
with  osteoblasts  was  inhibited  both  in  vitro  (Figure  6D, 
shControl  vs.  shMer)  and  in  vivo  (Figure  6E,  Vehicle 
vs.  Mer  inhibitor),  when  the  Mer  in  prostate  cancer  was 
inhibited.  Similarly,  fewer  CSCs  were  recovered  from 
the  marrow  of  animals  inoculated  with  shControl  vs. 
shMer,  although  the  difference  did  not  reach  statistical 
significance  (Figure  SI 6).  Importantly,  the  increase  in 
CSCs  was  also  inhibited  both  in  vitro  (Figure  6F)  and 
in  vivo  (Figure  6G),  when  the  mTOR  signaling  pathway  in 
prostate  cancer  was  blocked.  However,  the  conversion  to 


CSCs  was  not  seen  when  Wnt  or  CXCR4  pathways  were 
blocked,  which  are  also  believed  to  regulate  sternness 
(Figure  6G). 

DISCUSSION 

Local  or  distant  tumor  recurrence,  in  spite  of  early 
therapeutic  interventions,  suggests  that  dissemination  of 
tumor  cells  occurs  very  early  in  cancer  development.  In 
prostate  cancer,  epithelial-like  cells  can  be  isolated  from 
bone  marrow  in  72%  of  prostate  cancer  patients  when 
diagnosed,  and  even  in  8.8%  of  healthy  controls  [7]. 
However,  whether  those  cells  are  normal  epithelial  cells  or 
DTCs  derived  from  an  unknown  primary  prostate  cancer 
remains  unclear.  In  addition,  DTCs  are  believed  to  become 
occult  in  bone  marrow,  as  prostate-specific  antigen 
(PSA),  which  correlates  with  tumor  volume,  persists  at 
undetectable  levels  years  after  radical  prostatectomy  [21], 
and  yet  metastatic  tumors  can  occur  long  after  initial 
treatment.  The  development  of  new  therapeutic  regimens 
to  augment  existing  chemotherapies,  surgery  and  radiation 
are  essential  if  we  hope  to  establish  long-term  treatments 
for  prostate  cancer.  However,  our  lack  of  understanding  of 
the  biology  of  DTCs  remains  a  major  stumbling  block  in 
the  process. 

In  this  study,  we  first  explored  that  disseminated 
prostate  cancer  recovered  from  marrow  were  highly 
enriched  for  CSCs.  We  elected  CD1337CD44+  as  a  CSC 
surface  marker  combination,  since  this  is  widely  used  to 
isolate  prostate  CSCs  [2,  15,  22-24].  However,  there  is 
no  difference  in  the  ALDH1 A2  gene  expression  between 
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Figure  5:  GAS6  activates  mTOR  signaling  through  Mer.  (A)  Activation  of  mTOR  signaling  with  GAS6  treatment  in  prostate 
cancer  with  TAM  (Tyro3,  Axl,  Mer)  receptors  knocked  down.  (B)  Activation  of  mTOR  signaling  with  GAS6  treatment  in  prostate  cancer 
in  the  presence/absence  of  Mer  inhibitor  (UNCI  062). 
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Figure  6:  GAS6  activates  mTOR  signaling  involved  in  the  conversion  of  DTCs  to  CSCs  through  Mer.  In  vitro  sphere 
formation  assays  ((A)  PC3  and  (B)  C4-2B))  and  (C)  MTT  cell  viability  assays  with/without  Mer  inhibitor  (UNCI 062).  Significance  vs. 
vehicle  treatment  (Student’s  r-test).  (D)  PC3  cells  (shControl  and  shMer)  were  co-cultured  with  osteoblasts  and  48  h  later  the  CSCs  in 
prostate  cancer  were  measured  by  flow  cytometry.  Significance  vs.  shControl  (Student’s  t- test).  (E)  Prostate  cancer  cells,  pre-incubated 
(24  h)  with  UNCI 062  (250  nM),  were  inoculated  intracardially  and  24  h  later  the  CSCs  in  disseminated  prostate  cancer  obtained  from 
the  bone  marrow  of  mice  inoculated  with  prostate  cancer  cells  were  measured  by  flow  cytometry  ( n  =  5).  The  %  of  CSCs  population  in 
the  marrow  was  normalized  to  the  vehicle  control  group  that  equals  100  %,  and  presened  as  %  change.  Significance  vs.  vehicle  treated 
prostate  cancer  (Student’s  t- test).  (F)  PC3  cells,  pre-incubated  (1  h)  with  Rapamycin  (10  nM),  were  co-cultured  with  osteoblasts  and  48  h 
later  the  CSCs  in  prostate  cancer  were  measured  by  flow  cytometry.  (G)  Prostate  cancer  cells,  pre-incubated  (1  h)  with  Rapamycin  (13346, 
Cayman  Chemical,  10  nM),  CXCR4  inhibitor  (AMD3100,  A-5602,  Sigma- Aldrich,  10  nM),  or  Wnt  inhibitor  (IWR-l-endo,  13659,  Cayman 
Chemical,  10  pM),  were  inoculated  intracardially  and  24  h  later  the  CSCs  in  disseminated  prostate  cancer  were  measured  by  flow  cytometry 
( n  =  5).  Significance  vs.  vehicle  treated  prostate  cancer  (Student’s  Mest).  *p  <  0.05  and  #p  <  0.01. 
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CSCs  and  non-CSCs  (Figure  3 A  and  Tables  S1-S2), 
suggesting  that  there  may  be  other  population  of  CSCs  do 
not  express  the  selected  CSC  surface  marker  combination. 
Further  studies  are  clearly  needed  as  no  consensus  has  yet 
been  reached  regarding  specific  markers  for  prostate  CSC. 

Next,  when  uniformly  non-CSCs  were  inoculated 
into  the  mice,  a  conversion  to  CSCs  was  observed  in 
prostate  cancer  cells  recovered  from  marrow.  Importantly, 
this  conversion  was  seen  only  in  the  prostate  cancer  cells 
localized  to  the  marrow,  but  not  lung  or  spleen.  Further, 
this  enrichment  of  CSC  population  was  not  due  to  the 
effects  of  cell  proliferation,  survival  within  the  circulation, 
or  homing.  Additionally,  the  CSCs  exhibit  expression  of 
the  self-renewal  genes  KLF4,  Bmi-1,  and  Nanog,  and 
have  the  ability  to  form  sphere-like  structures  in  vitro ,  and 
tumor  in  vivo  although  not  robust.  Under  conditions  of 
direct  cell-to-cell  contact  between  prostate  cancer  cells 
and  osteoblasts,  a  significant  shift  of  non-CSCs  to  CSCs 
was  observed.  With  further  analysis,  we  found  that  within 


the  marrow  the  osteoblastic  niche  controls  conversion 
of  disseminated  prostate  cancer  cells  to  CSCs  through 
the  GAS6/Mer/mTOR  pathway  (Figure  7).  Collectively, 
our  findings  suggest  that  the  bone  marrow  niche  plays 
an  important  role  in  the  accumulation  of  self-renewing 
prostate  cancer  cells  in  the  marrow,  which  further  indicates 
that  DTCs  may  be  capable  of  serving  as  metastatic  seeds 
for  bone  tumors,  and  that  this  model  and  strategy  may  be 
useful  in  further  exploration  of  the  nature  and  phenotype 
of  DTCs.  Understanding  how  the  niche  regulates  the 
conversion  of  DTCs  to  CSCs  will  be  instrumental  for  the 
development  of  therapeutics  specifically  targeting  early 
dissemination  of  prostate  cancer  to  the  bone,  and  for 
understanding  how  metastatic  growth  is  regulated. 

We  previously  identified  that  the  osteoblastic  niche 
regulates  the  proliferation  of  prostate  cancer  via  the  GAS  6 
pathway  [12,  14,  25].  The  growth  of  prostate  cancer  in 
the  marrow  depends  on  the  levels  of  GAS6  that  bones 
express  [25].  That  is,  human  prostate  cancer  xenografts 


Figure  7:  Model  system  for  the  induction  of  a  CSC  phenotype  in  marrow  by  the  HSC  niche.  Prostate  cancer  cells  preferably 
spread  to  the  bone  and  survive  within  the  marrow  microenvironment  for  a  long  period  of  time.  However,  the  mechanisms  underlying 
the  survival  of  these  disseminated  tumor  cells  (DTCs)  remain  unclear.  Our  previous  work  revealed  that  prostate  cancer  DTCs  target  the 
osteoblastic  hematopoietic  stem  cell  (HSC)  niche,  and  that  these  DTCs  parasitize  the  niche  to  survive  there.  The  major  function  of  the  niche 
is  maintaining  the  stem  cell  phenotype.  This  study  demonstrated  that  the  conversion  of  cancer  cells  to  stem-like  cancer  cells  (CSC)  occurs 
when  DTCs  directly  contact  the  osteoblastic  niche.  GAS6  expressed  by  the  osteoblastic  niche  activates  mTOR  signaling  in  the  prostate 
cancer  DTCs  through  the  Mer  receptor,  contributing  to  the  conversion  to  CSCs.  Furthermore,  our  data  suggests  that  these  activations 
uniquely  progress  first  through  mTORC2  and  then  mTORCl,  which  can  be  blocked  by  rapamycin.  Therefore,  targeting  mTOR  signaling  in 
DTCs  could  be  a  promising  therapy  for  bone  metastatic  disease. 
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grow  rapidly  in  the  osseous  environment  expressing  less 
GAS6,  compared  to  high  GAS6-expressing  bones  [25]. 
Prostate  cancer  growth  also  depends  on  the  expression 
levels  of  GAS6  receptors  on  prostate  cancer  cells  [14]. 
Dormant  prostate  cancer  expresses  higher  Axl  (Axl  > 
Tyro3),  but  cells  expressing  Tyro3  (Tyro3  >  Axl)  grow 
rapidly  [14].  Consistently,  when  prostate  cancer  reaches 
the  bone,  Axl  expression  in  prostate  cancer  and  GAS 6 
expression  in  osteoblasts  both  increase  simultaneously 
[12].  These  findings  suggest  that  GAS6  is  important  for  the 
proliferation  of  disseminated  prostate  cancer.  However,  in 
the  present  study  we  discovered  a  new,  important  role  for 
GAS6  in  the  progression  of  prostate  cancer  in  the  marrow: 
GAS6  expressed  by  osteoblasts  converts  disseminated 
prostate  cancer  to  a  stem-like  phenotype  through  its 
receptor,  Mer.  This  discrepancy  is  very  similar  to  the 
effects  of  TGF-fi  and  BMP  signaling  on  bone  metastasis. 
Whether  these  factors  influence  CSC  phenotype  and  tumor 
dormancy  in  bone  metastatic  diseases  is  highly  dependent 
on  cell  type  and/or  extracellular  microenvironment 
[26-31].  Likewise,  we  speculated  that  the  effects  of 
GAS6  on  the  progression  of  DTCs  are  dependent  on  the 
expression  levels  of  its  receptor.  Since  the  interactions 
between  ligands  and  receptors  are  complex,  further  study 
is  needed  to  determine  the  exact  role  of  each  GAS  6 
receptor  in  the  fate  of  disseminated  prostate  cancer. 

Metastasis  remains  a  life-threatening  complication 
of  solid  tumors.  Once  the  tumor  cells  spread  to  distant 
organs  such  as  bone,  survival  rates  of  cancer  patients 
decline  drastically.  Despite  the  controversies  over  the  CSC 
hypothesis  [32,  33],  consensus  has  been  reached  that  the 
most  effective  therapies  will  also  need  to  target  chemo- 
resistant  CSCs.  Our  data  suggests  that  the  niche  plays  a 
central  role  in  activating  in  the  conversion  of  disseminated 
prostate  cancer  to  CSCs.  Thus,  it  appears  that  targeting 
only  CSCs  could  be  of  limited  therapeutic  value,  since 
stem  cell  programs  can  become  activated  in  DTCs.  Similar 
to  our  findings,  other  recent  reports  have  demonstrated  that 
conversions  between  somatic  cells  and  stem  cells  [15,  34], 
somatic  cells  and  CSCs  [35],  and  non-CSCs  and  CSCs 
[36]  are  possible. 

Considering  that  CSCs  likely  represent  a 
heterogeneous  population  with  a  wide  spectrum  of 
epithelial  and  mesenchymal  characteristics  (e.g.  EMT  CSCs 
and  MET  CSCs)  [37],  these  findings  further  suggest  an 
addendum  to  the  “seed  and  soil”  hypothesis  first  proposed 
by  Stephan  Paget  in  1889  [38].  In  this  theory,  the  “seed” 
(tumor  cells)  favorably  metastasize  to  the  “soil”  (their 
specific  microenvironment).  However,  our  data  infers  that 
the  “soil”  (the  niche)  is  also  a  major  driver  of  the  creation/ 
maintenance  of  the  “seed”  (CSCs).  While  further  studies  in 
different  cancer  types  are  clearly  needed,  the  identification 
of  alternative  mechanisms  whereby  CSCs  are  generated 
expands  our  knowledge  and  understanding  as  to  how  tumors 
are  propagated,  and  sets  the  stage  for  future  therapeutic 
developments  to  target  prostate  cancer  bone  metastases. 


MATERIALS  AND  METHODS 

Tissue  microarray  and  immunostaining 

Human  prostate  adenocarcinoma  tissue  microarray 
(TMA)  was  obtained  from  The  Tissue  Core  of  the 
University  of  Michigan  Comprehensive  Cancer  Center. 
Tumors  were  examined  to  identify  areas  of  benign 
prostatic  hyperplasia,  prostatic  intraepithelial  neoplasia, 
primary  prostate  cancer,  and  bone  metastatic  prostate 
cancer.  TMA  slides  were  de-waxed  with  xylenes  and  re¬ 
hydrated  with  100%,  90%,  70%,  and  50%  ethanol.  The 
slides  were  then  permeabilized  with  PB ST  (1/500  Triton 
X-100  in  PBS),  blocked  with  Image-iT  FX  signal  enhancer 
(136933,  Life  Technology,  Carlsbad,  CA)  for  30  min, 
and  incubated  for  2  h  at  room  temperature  with  anti 
CD44  (ab51037,  Abeam,  Cambridge,  MA,  pre-stained 
with  Zenon  Alexa  Fluor  488,  Z-25302,  Invitrogen,  San 
Diego,  CA)  and  anti  CD133  (130-090-422,  Miltenyi 
Biotec,  San  Diego,  CA,  pre-stained  with  Zenon  Alexa 
Fluor  555,  Z-25005)  antibodies.  After  washing  with  PBS, 
these  slides  were  mounted  with  ProLong  Gold  antifade 
reagent  with  DAPI  (P-36931,  Life  Technology).  Images 
were  taken  with  Olympus  FV-500  confocal  microscope 
(Olympus,  Center  Valley,  PA).  The  CD133+CD44+  area 
was  measured  in  randomly  selected  5-16  different  fields 
of  the  each  group  (BPH,  PIN,  Primary  prostate  cancer,  or 
Bone  Mets). 

Cell  culture 

Human  prostate  cancer  cell  lines  (PC3,  CRL-1435; 
DU145,  HTB-81;  LNCaP,  CRL-1740)  were  obtained 
from  the  American  Type  Culture  Collection  (Rockville, 
MD).  The  metastatic  subclone  of  LNCaP,  C4-2B,  was  a 
subline  derived  from  bone  metastasis  of  LNCaP  bearing- 
mouse.  Luciferase-expressing  prostate  cancer  cells  were 
established  by  lentiviral  transduction.  Murine  osteoblast 
cells  were  established  as  previously  reported  [2].  All 
prostate  cancer  cell  lines  were  routinely  grown  in  RPMI 
1640  (11875-093,  Life  Technologies),  and  murine 
osteoblast  cells  were  grown  in  a-MEM  (12571-063,  Life 
Technologies).  Cultures  were  supplemented  with  10% 
(v/v)  fetal  bovine  serum  (900-108,  GEMINI  Bio-Products, 
Sacramento,  CA),  1%  (v/v)  penicillin-streptomycin 
(15140-122,  Life  Technologies)  and  maintained  at  37°C, 
5%  C02,  and  100%  humidity.  These  cells  were  certified 
by  DDC  Medical. 

Flow  cytometry 

Cells  were  stained  with  FITC-  or  APC-anti-HLA- 
ABC  antibody  (clone  W6/32:  311404  (FITC),  311410 
(APC),  BioLegend,  San  Diego,  CA),  PE-cytokeratin 
antibody  (347204,  Becton  Dickinson,  Franklin  Lakes,  NJ), 
PE-EpCAM  antibody  (130-091-253,  Miltenyi  Biotec), 
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PE-anti-CD133  antibody  (130-080-801,  Miltenyi  Biotec), 
APC-anti-CD44  antibody  (559942,  BD  Biosciences,  San 
Diego,  CA),  or  isotype-matched  IgG  control  for  20  min 
at  4°C.  Flow  cytometric  analyses  were  performed  in  a 
FACSAria  II  High-Speed  Cell  Sorter  (Becton  Dickinson). 

In  vivo  isolation  of  disseminated  prostate  cancer 

Prostate  cancer  cells  (1  x  106  cells)  were  injected 
into  male  CB.17.  SCID  mice  (4-6  weeks  of  age:  Charles 
River,  Wilmington,  MA)  by  intracardiac  or  intratibial 
injection.  Bone  marrow  cells  were  flushed  from  femurs 
and  tibias  24  h  later.  Single  cell  preparations  were 
incubated  first  with  a  Fineage  Cell  Depletion  Kit  magnetic 
labeling  system  with  biotinylated  anti-Fineage  (CD5, 
CD45R  (B220),  CDllb,  Gr-1  (Ly-6G/C),  and  Ter- 11 9) 
antibody  cocktail  (130-092-613,  Miltenyi  Biotec)  and 
anti-Biotin  MicroBeads  (130-090-485,  Miltenyi  Biotec), 
and  then  enriched  for  murine  Lineage  negative  population 
using  an  AutoMACS  machine  (Miltenyi  Biotec).  The 
enriched  cells  were  incubated  with  a  FITC-  anti-HLA- 
ABC  antibody,  PE-anti-CD133  antibody,  and  APC-anti- 
CD44  antibody  for  another  20  min  at  4°C.  Thereafter,  the 
CD1337CD44+  and  CD  1 3 3  /CD44' fractions  were  sorted 
with  a  FACSAria  II  Cell  Sorter  by  gating  on  HLA-ABC 
positive  cells.  All  experimental  procedures  were  approved 
by  the  University  of  Michigan  Committee  for  the  Use  and 
Care  of  Animals. 

Cytokine  arrays 

Bone  marrow  extracellular  fluid  was  obtained  by 
flushing  femur  and  tibia  of  tumor-bearing  mice  with  500 
pL  ice-cold  phosphate-buffered  saline  containing  protease 
inhibitor  cocktail  (P8340,  Sigma- Aldrich,  St.  Louis,  MO), 
and  the  supernatant  was  harvested  by  centrifugation  at 
400  g  for  5  min.  Cytokine  levels  in  the  marrow  fluids 
were  analyzed  by  antibody  sandwich  enzyme-linked 
immunosorbent  assay  (Human  Inflammatory  Cytokines 
Multi-Analyte  ELISArray  Kit,  MEH004A,  QIAGEN, 
Valencia,  CA),  according  to  the  manufacturer’s  protocol. 
The  marrow  fluids  obtained  from  non-tumor  bearing  mice 
were  used  as  controls.  Cytokine  levels  were  normalized  to 
total  protein. 

In  vivo  cell  proliferation  assays 

Prostate  cancer  cells  were  stained  with  BrdU 
Labeling  Reagent  (00-0103,  Life  Technologies)  according 
to  the  manufacturer’s  protocol.  These  BrdU-stained 
prostate  cancer  cells  were  then  injected  into  male  SCID 
mice  by  intracardiac  injection.  Bone  marrow  cells  were 
flushed  from  the  femurs  and  tibias  24  h  later,  and  resulting 
cells  were  incubated  with  a  FITC-anti-HLA-ABC  antibody 
and  anti-BrdU  antibody  (ab8039,  Abeam),  followed 
by  PE-Cy 7-secondary  antibody  (406614,  BioLegend). 


Retention  of  BrdU  in  prostate  cancer  cells  was  analyzed 
by  gating  on  HLA-ABC  positive  cells  with  a  FACSAria 
II  Cell  Sorter. 

Microarray  analyses 

The  CD1337CD44+  fraction  and  CD133VCD44" 
fraction  were  sorted  with  a  FACSAria  II  Cell  Sorter  from 
in  vitro  cultured  prostate  cancer  cells  and  in  vivo 
disseminated  prostate  cancer  cells  obtained  from  bone 
marrow  of  SCID  mice  innoculated  with  prostate  cancer 
cells  (24  h)  by  intracadiac  injection.  The  extractions 
and  purifications  of  RNA  from  the  resulting  cells  were 
performed  using  RNeasy  Plus  Micro  RNA  kit,  which 
allowed  RNA  isolation  and  DNAse  treatment  from 
small  cell  numbers.  RNA  samples  were  submitted  to 
the  University  of  Michigan  Sequencing  core  for  quality 
evaluation  followed  by  microarray  analysis  using  an 
Affymetrix  platform  (Affymetrix,  Santa  Clara,  CA). 
Data  normalization  and  analysis  was  done  using  R  and 
Bioconductor.  The  affymetrix  CEL  files  were  pre-processed 
and  quantile  normalized  using  Robust  Multiarray  Average 
(RMA).  The  probesets  were  annotated  and  mapped  to 
gene  symbols  using  thugene21sttranscriptcluster.db’  on 
Bioconductor.  In  the  case  of  multiple  probes  mapping  to 
one  gene  symbol,  the  probe  with  the  maximum  mean  was 
selected  (WCGNA,  R  package).  The  Wilcoxon  Rank  Sum 
test  was  used  to  determine  the  differentially  expressed 
genes  between  CSCs  and  non-CSCs.  Hierarchical 
clustering  of  the  samples  was  done  using  Euclidean 
distance  and  average  linkage.  To  identify  gene  sets 
enriched  in  CSCs,  GSEA  at  Broad  (Broad  Institute,  MIT; 
http://www.broad.mit.edu/gsea/index.jsp)  and  Biocarta 
genesets  were  used.  The  signal  to  noise  ratio  was  used  as 
the  gene  list  ordering  mode. 

RNA  extraction  and  real-time  RT-PCR 

Total  RNA  was  isolated  using  RNeasy  Mini  Kit 
(74106,  QIAGEN).  First-strand  cDNA  was  synthesized  in 
a  20  jlxL  reaction  volume  using  0.4  jug  of  total  RNA.  RT 
products  were  analyzed  by  real-time  RT-PCR  in  TaqMan® 
Gene  Expression  Assays  (KLF4,  Hs00358836_ml; 
Bmil,  Hs00995536_ml;  Nanog,  Hs04399610_gl; 
Tyro3,  Hs00170723_ml;  Axl,  Hs01064444_ml;  Mer, 
Hs01031973_ml;  p-actin,  Hs01060665_gl,  Applied 
Biosystems,  Foster  City,  CA).  The  2nd  step  PCR  reactions 
were  run  for  40  cycles  (95°C  for  15  sec  and  60°C  1  min) 
after  an  initial  single  cycle  of  50°C  for  2  min  and  95 °C 
for  1 0  min.  The  PCR  product  was  detected  as  an  increase 
in  fluorescence  using  an  ABI  PRISM  7700  instrument 
(Applied  Biosystems).  RNA  quantity  (CR)  was  normalized 
to  the  housekeeping  gene  p-Actin  control,  using  the 
formula  CR  =  2(40'ct  of  samPleM4°-ct  of  control)  -phe  threshold 
cycle  (Ct)  is  the  cycle  at  which  a  significant  increase  in 
fluorescence  occurs. 
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In  vitro  prostatosphere  formation  assays 

Prostatosphere  formation  assays  were  performed 
using  a  slight  modification  of  previously  described 
techniques  [39,  40].  Cells  were  plated  in  DMEM  F-12 
(11320-033,  Life  Technologies)  containing  10  ng/mL 
bFGF  (233-FB/CF,  R&D  Systems,  Minneapolis,  MN), 
20  ng/mL  EGF  (236-EG,  R&D  Systems),  5  mg/mL  insulin 
(3435,  R&D  Systems),  and  0.4%  (v/v)  bovine  serum 
albumin  (BSA)  (5217,  R&D  Systems)  supplemented  with 
1%  (v/v)  knockout  serum  replacement  (10828-028,  Life 
Technologies)  at  500-3,000  cells  per  well  in  6-well  ultra 
low  attachment  plates.  In  some  case,  the  cultures  were 
treated  with  the  Mer  inhibitor  UNCI 062  (AOB4488, 
AOBIOUS,  Gloucester,  MA).  Prostatosphere  formation 
(cell  clusters  of  10  cells  or  greater)  was  observed  at 
7-10  days  under  a  light  microscopy. 

In  vivo  serial  dilution  tumor-propagating  assays 

The  CD1337CD44+  fraction  and  CD1337CD44 
fraction  were  sorted  from  in  vitro  cultured  luciferase 
expressing  prostate  cancer  cells  with  a  FACSAria  II  High- 
Speed  Cell  Sorter.  The  resulting  cells  were  suspended  in 
serum- free  RPMI/cytokine  reduced  collagen  gel  mixture 
(1:1  volume)  and  then  implanted  subcutaneously  into 
SCID  mice  (1  to  1  x  104  viable  cells).  Tumor  growth 
was  tracked  by  bioluminescence  imaging,  performed 
as  previously  described  [37],  through  the  University  of 
Michigan  Small  Animal  Imaging  Resource  facility. 

In  vitro  chemoresistance  assays 

Prostate  cancer  cells  were  treated  with/without 
docetaxel  (1  pg/mL,  01885,  Sigma- Aldrich)  and  the 
cultures  were  incubated  at  37°C  for  48  h.  Thereafter,  the 
CD1337CD44+  fraction  in  resulting  cells  was  analyzed 
with  a  FACSAria  II  Cell  Sorter. 

In  vitro  co-culture 

Prostate  cancer  cells  were  cultured  on  murine 
calvarial  osteoblasts  obtained  from  wild  type  or  GAS6- 
deficient  (GAS6-/_)  mice  for  48  h,  and  then  the  CD  13 37 
CD44+  fraction  was  analyzed  using  a  FACSAria  II 
Cell  Sorter  by  gating  on  HLA-ABC  positive  cells.  The 
laboratory  of  Dr.  Peter  Carmeliet  (University  of  Leuven, 
Leuven,  Belgium)  generated  the  G^SVT^animals  and 
graciously  provided  our  laboratory  with  a  pair  of  the 
homozygous  GAS6~h  mice  for  breeding. 

Vossicle  transplant 

Lumbar  vertebrae  were  isolated  from  4-  to  7-day- 
old  GAS6  n  or  GAS6 1  mice.  The  vertebrae  were  sectioned 
into  single  vertebral  bodies  (a.k.a.  vossicles).  SCID 
mice  were  used  as  transplant  recipients.  Two  vossicles 


per  mouse  were  implanted  into  subcutaneous  space  as 
previously  described  [2].  Before  implantation,  PC3  cells 
were  introduced  into  both  vossicles  (10,000  cells/10  pL  of 
PBS).  Mice  were  sacrificed  at  3  weeks,  and  the  vossicles 
prepared  for  immunohistochemistry. 

Immunohistochemistry 

To  detect  human  cells  grown  in  mice,  anti¬ 
human  HLA-ABC  antibody  (311402,  BioLegend)  was 
conjugated  using  the  Zenon  Alexa  Fluor  555  mouse 
IgG2a  labeling  kit  (Z-25105).  To  detect  human  CD133 
antigen,  purified  mouse  IgGl  antibody  (Miltenyi  Biotec) 
was  conjugated  using  the  Zenon  Alexa  Fluor  488  mouse 
IgGl  labeling  kit  (Z-25002).  For  detection  of  human 
CD44  antigen,  the  antibody  (Abeam)  was  conjugated 
using  the  Zenon  Alexa  Fluor  555  Rabbit  IgG  labeling  kit 
(Z-25305).  7  pm  thick  paraffin  sections  were  generated, 
and  antigen  retrieval  performed  with  a  pepsin  solution  at 
37°C  for  15  min,  followed  by  washing  with  PBT  (PBS 
plus  0.2%  Triton  X-100)  for  5  min  at  room  temperature. 
Each  section  was  blocked  with  Image-iT  FX  signal 
enhancer  (Invitrogen)  for  30  min  before  fluorescence- 
labeled  primary  antibodies  were  applied  for  2  h  at  room 
temperature  in  the  dark.  Subsequently,  the  sections  were 
washed  twice  by  submersion  in  PBS  for  10  min,  subjected 
to  post-stain  fixation  with  10%  formalin  (Sigma- Aldrich), 
and  mounted  with  ProLong  Gold  anti-fade  reagent  with 
DAPI.  Images  were  taken  with  Olympus  FV-500  confocal 
microscope. 

Western  blots 

Prostate  cancer  cells  were  prepared  in  lysis  buffer 
(CelLytic  MT  Mammalian  Tissue  Lysis  Reagent,  C3228, 
Sigma-Aldrich),  and  protein  concentration  was  quantified 
using  a  DC  Protein  Assay  Kit  II  (5000112,  Bio-RAD, 
Hercules,  CA).  Cell  extracts  (30  pg  of  protein  per  lane) 
were  loaded  and  separated  on  SDS-PAGE  (4-20%  Bis- 
Glycine  gradient  gels,  EC6025BOX,  Invitrogen)  and 
transferred  to  a  PVDF  membrane.  Membranes  were 
incubated  with  5%  milk  for  1  h  and  incubated  with 
anti-Tyro3  (585S)  -Axl  (4977),  -Mer  (4319),  -GAPDH 
(2118),  -P-4E-BP1  (2855),  -4E-PB1  (9644),  -P-p70S6K 
(9234),  -p70S6K  (2708),  -P-AKT(S473)  (9271),  or 
-AKT(S473)  (9272)  antibody  (all  primary  antibodies  were 
obtained  from  Cell  Signaling  Technology,  Danvers,  MA) 
overnight  at  4°C.  Primary  antibody  was  used  with  5% 
dry  milk.  Blots  were  incubated  with  peroxidase-coupled 
secondary  antibodies  (W4011,  Promega,  Madison, 
WI)  for  1  h  at  a  ratio  of  1:3000.  Protein  expression  was 
detected  with  SuperSignal  West  Pico  Chemiluminescent 
Substrate  (34080,  Thermo  Scientific,  Rockford,  IL).  The 
densitometric  analysis  of  the  Western  blot  were  performed 
with  ImageJ  software  (version  1.50i;  National  Institutes  of 
Health,  Bethesda,  MD). 
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TAM  receptors  knockdown 

Stable  knockdowns  of  TAM  receptors  (Tyro3, 
Axl,  Mer)  in  prostate  cancer  cells  were  generated  by 
lentiviral  infection.  Lentiviruses  were  constructed  at  the 
Vector  Core  in  University  of  Michigan  (Ann  Arbor,  MI) 
using  GIPZ  Lentiviral  shRNAmir  vectors  containing 
either  TAM  receptors  (Tyro3,  Axl,  Mer)  shRNA  or 
nonsilencing  (scrambled)  shRNA  (Open  Biosystems, 
Lafayette,  CO). 

Statistical  analyses 

Numerical  data  are  expressed  as  mean  ±  standard 
deviation.  Statistical  analysis  was  performed  by  unpaired 
two-tailed  Student’s  t  test  using  the  GraphPad  Instat 
statistical  program  (GraphPad  Software,  San  Diego, 
CA)  with  significance  at  P  <  0.05.  For  the  real-time 
RT-PCR  assays,  a  Kruskal- Wallis  test  and  Dunn’s 
multiple  comparisons  tests  were  utilized  with  the  level  of 
significance  set  at  P  <  0.05. 

Abbreviations 

Cancer  stem  cells  (CSCs);  hematopoietic  stem 
cell  (HSCs);  disseminated  tumor  cells  (DTCs);  prostate- 
specific  antigen  (PSA);  tissue  microarray  (TMA);  bovine 
serum  albumin  (BSA). 
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Prostate  cancer  is  known  to  frequently  recur  in  bone;  how¬ 
ever,  how  dormant  cells  switch  its  phenotype  leading  to  recur¬ 
rent  tumor  remains  poorly  understood.  We  have  isolated  two 
syngeneic  cell  lines  (indolent  and  aggressive)  through  in  vivo 
selection  by  implanting  PC3mm  stem-like  cells  into  tibial 
bones.  We  found  that  indolent  cells  retained  the  dormant  phe¬ 
notype,  whereas  aggressive  cells  grew  rapidly  in  bone  in  vivo , 
and  the  growth  rates  of  both  cells  in  culture  were  similar,  sug¬ 
gesting  a  role  of  the  tumor  microenvironment  in  the  regulation 
of  dormancy  and  recurrence.  Indolent  cells  were  found  to 
secrete  a  high  level  of  secreted  protein  acidic  and  rich  in  cysteine 
(SPARC),  which  significantly  stimulated  the  expression  of 
BMP7  in  bone  marrow  stromal  cells.  The  secreted  BMP7  then 
kept  cancer  cells  in  a  dormant  state  by  inducing  senescence, 
reducing  “sternness,”  and  activating  dormancy-associated  p38 
MAPK  signaling  and  p21  expression  in  cancer  cells.  Impor¬ 
tantly,  we  found  that  SPARC  was  epigenetically  silenced  in 
aggressive  cells  by  promoter  methylation,  but  5-azacytidine 
treatment  reactivated  the  expression.  Furthermore,  high 
SPARC  promoter  methylation  negatively  correlated  with  dis¬ 
ease-free  survival  of  prostate  cancer  patients.  We  also  found  that 
the  COX2  inhibitor  NS398  down-regulated  DNMTs  and 
increased  expression  of  SPARC,  which  led  to  tumor  growth  sup¬ 
pression  in  bone  in  vivo.  These  findings  suggest  that  SPARC 
plays  a  key  role  in  maintaining  the  dormancy  of  prostate  cancer 
cells  in  the  bone  microenvironment. 


Prostate  carcinoma  at  an  early  stage  is  generally  treated  with 
surgical  resection  or  radiotherapy  with  or  without  combination 
of  androgen  deprivation  therapy  (1-3).  However,  patients  often 
develop  fatal  recurrent  disease  months  or  years  after  treatment 
of  the  primary  tumor.  The  culprits  for  the  recurrent  disease  are 
the  small  number  of  residual  cells  that  are  disseminated  from 
the  primary  tumor  prior  to  treatment  (4).  Even  patients  with 
asymptomatic  disease  or  no  evidence  of  primary  disease  pro¬ 
gression  are  known  to  often  harbor  cancer  cells  at  distant 
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organs  such  as  bone,  and  they  can  be  isolated  from  the  bone 
marrow  aspirate  (5).  These  cells  include  quiescent  cancer  stem 
cells  (CSCs)2  and  may  reacquire  clonogenic  growth  in  a  favor¬ 
able  environment  and  cause  recurrent  disease,  which  is  evident 
in  20  -50%  of  patients  who  were  treated  for  localized  primary 
disease  (6). 

Metastatic  dormancy  at  a  distant  site  is  known  to  be  deter¬ 
mined  by  intrinsic  molecular  characteristics  of  the  cell  as  well  as 
extrinsic  cues  from  the  microenvironment.  Dormancy  of 
micrometastasis  and  cellular  dormancy  have  been  described  as 
the  adapted  modes  of  dormant  survival  in  a  distant  environ¬ 
ment  (7-10).  The  ratio  of  p38  to  Erk  activation  is  considered  to 
be  one  of  the  molecular  indications  that  dictate  the  fate  of  can¬ 
cer  cells.  A  high  ratio  of  activated  p38  to  Erk  signals  for  inhibi¬ 
tion  of  cell  proliferation  or  cellular  dormancy,  whereas  a  low 
ratio  reverts  the  phenotype  to  the  proliferative  state  (8, 11, 12). 
Recently,  it  was  also  demonstrated  that  dormant  cells  are  repro¬ 
grammed  by  epigenetic  regulation  that  leads  to  a  quiescence 
state  (13).  In  addition,  interaction  between  tumor  cells  and  the 
stroma,  angiogenesis,  and  immune  surveillance  of  cancer  cells 
are  also  known  to  regulate  dormancy  and  recurrence  (8,  14). 

The  lack  of  an  established  model  for  dormancy  has  been  a 
major  hurdle  for  research  advancement  in  this  field.  Although 
several  in  vitro  models  have  been  described  previously,  in  vivo 
working  models  for  dormant  and  recurrent  growth  have  yet  to 
be  developed.  Recent  attempts  have  characterized  syngeneic 
head  and  neck  squamous  cell  carcinoma  cells  (T-Hep  and 
D-Hep)  or  a  pair  of  breast  cancer  cell  lines  (D2.0R  and  D2A1 
cells)  that  recapitulates  dormant  growth  in  vivo  (13,  15-17). 
However,  there  is  still  no  appropriate  in  vivo  model  that  mimics 
dormancy  and  recurrence  for  prostate  cancer,  especially  one 
that  replicates  the  phenomenon  of  bone  recurrence  in  patients. 
In  an  approach  to  identify  dormant  prostate  cancer  cells  in 
bone,  we  isolated  a  pair  of  cell  lines  from  the  bones  of  mice  that 
showed  either  aggressive  growth  or  indolent  disease  when  their 
CSCs  were  injected  in  the  tibiae.  Gene  profiling  of  the  paired 
cell  lines  revealed  the  role  of  secreted  protein  acidic  and  rich  in 
cysteine  (SPARC),  also  known  as  Osteonectin,  in  dormancy  of 
tumor  cells  in  bone.  Our  results  suggest  that  SPARC  maintains 


2  The  abbreviations  used  are:  CSC,  cancer  stem  cell;  SPARC,  secreted  protein 
acidic  and  rich  in  cysteine;  BMP,  bone  morphogenetic  protein;  BMSC,  bone 
marrow  stromal  cell(s);  CM,  conditioned  medium/media;  BMPR,  bone  mor¬ 
phogenetic  protein  receptor;  TCGA,  The  Cancer  Genome  Atlas;  DNMTs, 
DNA  methyltransferases;  hBMSC,  human  bone  marrow  stromal  cells; 
rSPARC,  recombinant  SPARC. 
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FIGURE  1 .  Establishing  model  cell  lines  for  dormancy  recurrence.  A,  indolent  and  aggressive  cells  were  injected  into  the  tibial  bone  of  mice  {n  =  8),  followed 
by  examination  of  tumor  growth  by  bioluminescence  for  6  weeks.  Right  panel,  representative  pictures  of  aggressive  and  indolent  cell  growth  in  the  tibiae  of 
mice  on  day  40.  **  p  <  0.01  versus  indolent.  BLI,  bioluminescence  imaging.  B,  indolent  and  aggressive  cells  were  injected  via  the  intracardiac  route,  followed 
by  examination  of  bone  metastasis-free  survival  of  the  mice  by  bioluminescence  (n  =  1 0/group).  *,p  =  0.0277  by  log-rank  test.  C,  indolent  (//id)  and  aggressive 
{Agg)  cells  were  subjected  to  comprehensive  gene  expression  analysis  by  using  Affymetrix  microarray  2.0.  The  five  most  significantly  up-regulated  and  six 
down-regulated  genes  are  shown.  D  and  E,  SPARC  and  Noggin  expression  in  indolent  and  aggressive  cells  was  examined  by  quantitative  RT-PCR  (D)  and 
Western  blotting  (£).  F,  SPARC  expression  was  examined  in  normal  and  various  prostate  cancer  cell  lines  by  Western  blotting.  G,  analysis  of  a  Gene  Expression 
Omnibus  dataset  for  SPARC  expression  in  patients  with  or  without  recurrent  disease  (GSE251 36).  1 5%  outliers  were  removed  from  the  analysis.  *,  p  <  0.05;  **, 

p<  0.01;  ***,p<  0.0001. 


the  dormant  state  of  cancer  cells  by  stimulating  the  secretion  of 
bone  morphogenetic  protein  7  (BMP7),  a  TGF-/3  family  mem¬ 
ber  protein,  from  the  bone  stroma.  SPARC  was  also  found  to  be 
epigenetically  controlled,  and  a  COX2  inhibitor  effectively  sup¬ 
pressed  tumor  growth  in  bone  by  up-regulating  SPARC,  sug¬ 
gesting  this  microenvironmental  cue  as  a  potential  therapeutic 
target  for  recurrent  disease. 

Results 

Isolation  of  Paired  Prostate  Cell  Lines  as  a  Model  for  Dor¬ 
mancy  and  Recurrent  Growth  in  Bone— To  establish  a  model  for 
dormancy  and  recurrent  growth  of  prostate  cancer,  we  first 
prepared  CSCs  from  the  PC3mm  cell  line  using  the  defined  cell 
surface  markers  CD24low/CD44hlgh/CD133hlgh,  as  reported 
previously  (18).  CSCs  were  then  implanted  into  mouse  tibial 
bones  with  a  dose  by  which  —50%  of  tibiae  developed  overt 
tumors  after  1  month.  The  cells  were  then  isolated  from  the 
bone  with  or  without  overt  tumor  growth,  followed  by  colony 
expansion  of  each  cell  in  culture  (supplemental  Fig.  SL4).  The 


cells  derived  from  bone  with  overt  growth  or  no  growth  were 
designated  as  “aggressive”  and  “indolent”  cells,  respectively. 
When  the  cells  were  reinjected  into  the  tibial  bone  of  mice, 
indolent  cells  grew  significantly  slower  with  a  long  lag  time 
compared  with  aggressive  cells  (Fig.  L4).  Furthermore,  indolent 
cells  also  showed  a  decreased  ability  to  colonize  in  bone  when 
injected  intracardially  (Fig.  IB).  However,  in  contrast  to  their 
striking  difference  in  in  vivo  growth  in  bone,  aggressive  and 
indolent  cells  showed  no  difference  in  in  vitro  cell  proliferation, 
invasion,  migration,  CSC  population,  and  self-renewal  abilities 
(supplemental  Fig.  1,  B-F),  suggesting  a  role  of  the  bone 
microenvironment  in  differential  in  vivo  growth.  We  then  per¬ 
formed  Affymetrix  microarray  profiling  to  analyze  differen¬ 
tially  expressed  genes  between  indolent  and  aggressive  cells.  As 
shown  in  Fig.  1C,  SPARC  and  Noggin  were  most  significantly 
overexpressed  in  indolent  cells  and  aggressive  cells,  respec¬ 
tively.  Both  SPARC  and  Noggin  are  secretory  proteins  that  are 
known  to  be  present  in  the  bone  (19  -22),  which  provides  clues 
that  the  bone  environment  may  play  a  pivotal  role  in  the  differ- 
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FIGURE  2.  SPARC  plays  a  critical  role  in  dormancy  and  recurrence.  A,  SPARC  knockdown  by  shRNA  in  indolent  cells  was  verified  by  Western  blotting.  B,  tumor 
growth  was  observed  after  intratibial  injection  of  indolent-sh-SPARC  or  sh-Scramble  cells  by  bioluminescence  [n  =  1 0/group).  *,  p  <  0.05  versus  scramble;  **, 
p  <  0.01  versus  scramble.  BLI,  bioluminescence  imaging.  C,  indolent-sh-SPARC  or  sh-Scramble  cells  were  implanted  into  nude  mice  intracardially  [n  = 
10/group),  and  bone  metastasis-free  survival  was  examined  by  bioluminescence.  Indolent-Scramble  versus  indolent-sh-SPARC:  **,  p  =  0.0032.  D,  aggressive 
cells  were  implanted  into  nude  mice  via  intracardiac  injection  [n  =  1 0/group),  and  bone  metastasis-free  survival  was  examined  in  the  following  three  groups 
of  animals:  rSPARC  (200  /xg/kg)  was  administered  by  tail  vein  injection  twice  a  week  until  day  42  ( red  line,  +/+);  rSPARC  was  administered  until  day  21 ,  followed 
by  withdrawal  of  rSPARC  injection  [blue  line,  ±);and  a  control  group  [black  line)  without  administration  of  rSPARC.  Right  panel,  representative  images  of  mice 
from  each  group.  Control  versus  SPARC +/+:****,  p  <  0.0001;  control  versus  SPARC  ±:#,p  =  0.01 1 7;  SPARC  ±  versus  SPARC +/+:**, p  =  0.0099  by  log-ranktest. 


ential  growth  of  indolent  and  aggressive  cells  in  vivo .  We  fur¬ 
ther  verified  that  the  expression  of  Noggin  was  increased 
whereas  the  SPARC  level  was  decreased  in  aggressive  cells  (Fig. 
1,  D  and  E).  In  addition,  we  found  that  SPARC  expression  in 
indolent  cells  was  significantly  higher  compared  with  a  series  of 
prostate  cancer  cell  lines  and  similar  to  that  of  normal  immor¬ 
talized  prostate  cells  (Fig.  IF).  Interestingly,  when  we  analyzed  a 
Gene  Expression  Omnibus  database  for  expression  of  SPARC 
in  a  retrospective  cohort  of  patients,  we  found  that  SPARC 
expression  was  significantly  up-regulated  in  patients  with  no 
recurrence  status  for  at  least  5  years  after  radical  prostatectomy 
(Fig.  1G)  (23).  These  results  strongly  suggest  that  SPARC  and 
Noggin  play  critical  roles  in  the  dormancy  of  prostate  cancer. 

SPARC  Induces  Dormancy  in  Vivo— SPARC  is  a  matrix-asso¬ 
ciated  protein,  and  it  has  been  reported  to  be  involved  in  cell 
cycle  regulation,  whereas  Noggin  is  an  inhibitor  of  BMPs  (24- 
26).  To  further  clarify  the  role  of  SPARC,  the  gene  was  silenced 
by  introducing  shRNA  with  a  lentiviral  expression  system  to 
indolent  cells  (Fig.  2 A).  Silencing  SPARC  in  indolent  cells  or 
treating  aggressive  cells  with  recombinant  SPARC  did  not  con¬ 
fer  any  in  vitro  proliferative  advantage  to  these  cells  (data  not 
shown).  We  then  transplanted  indolent  cells  with  or  without 
expression  of  shRNA  into  tibial  bone  in  nude  mice.  As  shown  in 
Figs.  2 B,  we  found  that  knockdown  of  SPARC  significantly 
stimulated  the  growth  of  tumor  in  bone,  whereas  scrambled 
shRNA  did  not  affect  the  growth  (Fig.  2 B).  Similarly,  when 
tumor  cells  were  transplanted  via  the  intracardiac  route,  indo¬ 


lent  cells  that  were  silenced  for  SPARC  expression  showed  a 
significant  decrease  in  bone  metastasis-free  survival  (Fig.  2C). 
To  further  examine  the  effect  of  SPARC  on  dormancy,  we  per¬ 
formed  a  recurrence  assay  in  vivo  by  injecting  aggressive  cells 
into  the  nude  mice  via  the  intracardiac  route,  followed  by 
administration  of  recombinant  SPARC  through  intravenous 
injection  every  3  days  (Fig.  2D).  We  found  that  SPARC  signifi¬ 
cantly  delayed  the  incidence  of  bone  metastasis.  Importantly, 
withdrawal  of  SPARC  injection  after  3  weeks  nullified  the  sup¬ 
pressive  effect  and  significantly  accelerated  the  onset  of  bone 
metastasis.  These  results  suggest  that  SPARC  leads  to  dormant 
survival  of  aggressive  cells  in  bone  and  that  the  withdrawal  of 
SPARC  confers  recurrent  growth  ability  to  cancer  cells  residing 
in  bone  (Fig.  2D). 

SPARC  Enhances  Paracrine  Dormancy  Signaling  from  the 
Bone  Stroma — The  striking  growth  difference  of  indolent  cells 
between  in  vitro  and  in  vivo  settings  and  the  effect  of  recombi¬ 
nant  SPARC  in  vivo  strongly  suggest  that  the  secreted  SPARC 
from  indolent  cells  affects  bone  environmental  cells  to  induce 
growth-suppressive  effects  on  tumor  cells.  To  test  this  hypoth¬ 
esis,  we  first  cultured  indolent  and  aggressive  cells  in  a  transwell 
plate  with  various  cell  types  known  to  reside  in  bone.  We  found 
a  significant  reduction  in  the  growth  of  indolent  compared  with 
aggressive  cells  when  co-cultured  with  either  BMSC  or  the  HS5 
bone  stromal  cell  line,  suggesting  that  secreted  factor(s)  from 
indolent  cells  induce  an  inhibitory  response  from  bone  stromal 
cells  (Figs.  3,  A  and  B,  and  supplemental  Fig.  S2A).  Treatment  of 
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DiD  membrane  labeling  assay  ( bottom  panel )  on  days  1 , 3,  and  5.  F,  CM  generated  from  BMSC  as  shown  in  E,  top  panel,  were  used  to  treat  prostate  cancer  cells 
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tumor  cells  with  conditioned  medium  (CM)  generated  from 
BMSC  or  HS5  cells  alone  showed  no  differential  proliferative 
effect  (supplemental  Fig.  S2,  B  and  C),  suggesting  a  need  of 
stroma-cancer  cell  interaction  to  exert  the  tumor-suppressive 
effect  of  stromal  cells.  Furthermore,  we  found  that  the  transwell 
co-culture  of  indolent  cells  activated  the  dormancy-associated 
p38  pathway  and  also  induced  the  p21  cell  cycle  inhibitor  (Fig. 
3,  C  and  D).  To  examine  whether  the  inhibitory  response  is 
indeed  induced  by  SPARC,  we  first  generated  CM  by  treating 
BMSC  with  or  without  recombinant  SPARC  (as  outlined  in  Fig. 
3 £,  top  panel)  and  treated  cancer  cells  with  the  CM  to  examine 
cell  proliferation  by  (3-(4,5-dimethylthiazol-2  yl)-5-(3-carboxy 
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium,  or  label  retention 
assay  (Fig.  3  £,  center  and  bottom  panels).  We  found  that  the  CM 


generated  from  SPARC-treated  BMSC  significantly  lowered 
cell  proliferation  of  PC3mm  cells.  Furthermore,  CM  of  SPARC- 
treated  BMSC  activated  p38-MAPI<  signaling  and  up-regulated 
expression  of  its  downstream  cell  cycle  inhibitors  p21  and  pl8 
in  a  panel  of  prostate  cancer  cells  (Fig.  3,  F  and  G ).  We  also 
observed  a  significant  decrease  in  cell  proliferation  and 
increase  in  p21  expression  when  CM  were  generated  from 
BMSC  or  HS5  cells  that  were  pretreated  with  aggressive  or  indo¬ 
lent  cell-derived  CM  (supplemental  Fig.  S2,  D  and  E).  In  addition, 
we  also  verified  that  SPARC  secreted  by  indolent  cells  was  signifi¬ 
cantly  higher  than  that  secreted  by  bone-residing  cells  (supple¬ 
mental  Fig.  S2  F).  These  results  strongly  suggest  that  indolent  cells 
secrete  SPARC,  which  then  stimulates  BMSC  to  release  factor(s) 
that,  in  turn,  activate  dormancy  signaling  in  cancer  cells  in  bone. 
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FIGURE  4.  SPARC  up-regulates  BMP7  from  BMSC.  A,  BMSC  from  two  different  donors  (BMSC#1  and  BMSC#2)  and  the  HS5  cell  line  were  treated  with  rSPARC 
(200  ng/ml)  for  24  h,  and  BMP7  expression  was  examined  by  Western  blotting  and  quantitative  RT-PCR.  B,  BMSC#1  was  treated  with  CM  generated  from 
indolent  ( Ind )  or  aggressive  (Agg)  cells  for  24  h,  followed  by  examination  of  BMP7  expression  by  Western  blotting  ( left  panel).  BMP7  expression  was  also 
examined  in  BMSC  co-cultured  in  a  transwell  with  indolent  or  aggressive  cells  for  24  h  {right panel).  C,  indolent,  aggressive,  and  PC3mm  cells  were  treated  with 
the  indicated  CM  for  48  h,  followed  by  examination  of  the  CSC  population  (CD24low/CD44hl9h/CD1 33hl9h)  by  FACS.  D,  aggressive  and  indolent  cells  were  treated 
with  the  indicated  CM  for  48  h,  followed  by  examination  of  p21  ( top  panel)  and  pi  6  levels  ( bottom  panel)  by  Western  blotting.  E,  aggressive-sh-Noggin  or 
-Scramble  cells  were  implanted  into  the  tibial  bone  of  mice  (n  =  6/group),  and  the  tumor  growth  was  observed  on  day  28.  *,  p  <  0.05  versus  scramble.  F, 
PC3mm-shScramble  or  PC3mm-shBMPR2  cells  were  treated  with  CM  (as  indicated)  for  48  h,  followed  by  examining  the  CSC  marker-positive  cells  by  FACS.  *,p  < 
0.05;  **,  p  <  0.01 ;  ***,  p  <  0.0001 ;  ns,  not  significant. 


SPARC  Up-regulates  BMP7  Expression  and  Secretion  from 
Bone  Stroma— We  reported  previously  that  stromal  expression 
of  BMP7  induced  dormancy  by  reducing  “sternness”  and  induc¬ 
ing  reversible  senescence  of  prostate  cancer  cells  in  bone  (18). 
Therefore,  we  wondered  whether  it  was  possible  that  SPARC 
up-regulates  BMP7  expression  in  bone  stromal  cells.  When  we 
treated  human  primary  BMSC  that  were  isolated  from  two  dif¬ 
ferent  donors  or  the  bone  stromal  cell  line  HS5  with  recombi¬ 
nant  SPARC,  we  found  that  BMP7  was  indeed  significantly  up- 
regulated  (Fig.  44).  Furthermore,  BMP7  was  also  up-regulated 
in  BMSC  that  were  treated  with  CM  derived  from  indolent  cells 
compared  with  CM  from  aggressive  cells  or  from  indolent-sh- 
SPARC  cells  (Fig.  4 B  and  supplemental  Fig.  S3A).  BMP7  was 
also  found  to  be  augmented  in  BMSC  when  co-cultured  with 
indolent  cells  in  transwell  culture,  and  knockdown  of  SPARC  in 
indolent  cells  significantly  reduced  BMP7  expression  from 
BSMC  in  transwell  culture  (Fig.  4 B  and  supplemental  Fig.  S3A). 
To  further  verify  whether  SPARC-induced  BMP7  increases  the 
dormancy  phenotype  of  cancer  cells,  we  generated  CM  by  treat¬ 
ing  BMSC  with  recombinant  SPARC  and  incubated  cancer  cells 
with  the  CM  for  48  h.  We  found  that  the  CM  from  SPARC- 


treated  BMSC  significantly  decreased  the  stem  cell  population 
and  sphere-forming  ability  and  also  increased  senescence  in 
cancer  cells  (Fig.  4C  and  supplemental  Fig.  S3,  B  and  C).  Fur¬ 
thermore,  SPARC-treated  BMSC  CM  increased  pl6  and  p21 
expression  in  cancer  cells  (Fig.  4 D).  Importantly,  when  recom¬ 
binant  Noggin,  a  competitive  inhibitor  of  BMPs,  was  added  to 
the  SPARC-treated  BMSC  CM,  the  inhibitory  effect  of  SPARC- 
treated  BMSC  CM  was  rescued  (Fig.  4,  C  and  D),  further  veri¬ 
fying  that  the  dormancy  phenotype  is  indeed  mediated  by 
BMP7.  In  addition,  silencing  Noggin  expression  in  aggressive 
cells  significantly  inhibited  its  ability  to  grow  in  bone  in  vivo 
(Fig.  4 E  and  supplemental  Fig.  S3 D),  suggesting  that  the 
absence  of  Noggin  enhanced  stromal  BMP7-mediated  growth 
suppression  of  tumor  cells.  The  activation  of  bone  morpho¬ 
genetic  protein  receptors  (BMPRs)  by  BMP7  is  known  to 
trigger  the  downstream  signaling  cascade  (27).  We  have  pre¬ 
viously  shown  that  BMPR2  is  one  of  the  major  receptors 
associated  with  dormancy  of  prostate  cancer  cells  and  that 
BMP7  selectively  binds  this  receptor  (18).  Therefore,  to 
examine  whether  the  decrease  in  cancer  sternness  is  medi¬ 
ated  through  BMPR2,  we  knocked  down  BMPR2  in  PC3mm 
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FIGURE  5.  SPARC  and  BMPR2  expression  is  negatively  correlated  with  bone  metastasis.  A,  patients  were  stratified  based  on  BMPR2  gene  expression,  and 
recurrence-free  survival  was  examined  using  the  GSE21 034  database  (n  =  1 40).  B,  BMPR2  correlative  signature  (n  =  378,  R2  >  0.5)  was  established  using  TCGA 
database  for  prostate  cancer,  and  enrichment  of  the  signature  was  examined  in  patients  with  or  without  recurrent  disease  (GSE21034).  NES ;  normalized 
enrichment  score.  C,  representative  images  of  BMPR2  staining  in  primary  tumor  tissue  and  bone  metastatic  lesion.  D,  quantitation  of  BMPR2  staining  in  primary 
tumor  tissue  and  bone  metastatic  lesion.  E,  SPARC  and  BMPR2  expression  was  examined  in  a  primary  tumor  of  patients  with  or  without  bone  metastasis  by 
immunohistochemistry,  and  the  staining  intensity  was  quantified.  Consecutive  sections  of  formalin-fixed,  paraffin-embedded  samples  were  used  to  stain 
SPARC  and  BMPR2  for  each  patient.  Met,  metastasis.  F,  the  stained  samples  were  divided  into  three  groups  (positive  for  either  SPARC  or  BMPR2  (— /+  and  ±, 
respectively),  positive  for  both  SPARC  and  BMPR2,  and  negative  for  both  BMPR2  and  SPARC  expression  based  on  their  staining  intensity),  and  the  number  of 
samples  in  each  group  was  plotted  as  the  percentage  of  total  stained  samples  from  either  metastasis-free  (localized  disease)  or  bone  metastatic  primary  tumor. 
G,  representative  images  for  SPARC  and  BMPR2  staining.  *,  p  <  0.05;  **,  p  <  0.01 ;  ***,  p  <  0.0001 . 


cells  that  were  then  treated  with  CM  generated  from  BMSC 
with  or  without  SPARC  treatment.  As  shown  in  Fig.  4 F ,  the 
treatment  of  PC3mm  cells  with  the  CM  significantly  reduced 
the  CSC  population,  whereas  knockdown  of  BMPR2  blocked 
this  suppressive  effect  of  CM,  indicating  that  the  decrease  in 
sternness  is  signaled  through  BMPR2.  These  results  strongly 
suggest  that  stromal  education  by  tumor-secreted  SPARC 
up-regulates  BMP7,  which  binds  the  BMPR2  receptor  on  the 
cancer  cell  to  promote  the  dormancy  phenotype. 

Prognostic  Significance  of  BMPR2  and  SPARC  Expression— 
To  examine  the  clinical  significance  of  BMPR2  in  dormancy, 
we  analyzed  a  Gene  Expression  Omnibus  dataset  and  found 
that  high  BMPR2  expression  predicts  longer  recurrence-free 
survival  in  prostate  cancer  patients  (Fig.  5 A)  (28).  However, 
BMPR2  expression  did  not  correlate  with  presurgical 
prostate  specific  antigen,  age,  stage,  or  grade  of  the  disease 
(supplemental  Fig.  S4,  A-F,  and  Table  SI).  We  also  established 
a  correlative  gene  signature  from  prostate  cancer  patients  who 


had  high  BMPR2  expression  in  their  primary  tumor  using  The 
Cancer  Genome  Atlas  (TCGA)  database  and  found  that  this 
signature  is  highly  enriched  in  patients  who  did  not  experi¬ 
ence  recurrent  disease  (Fig.  5 B).  In  addition,  we  performed 
immunohistochemical  staining  of  patient  samples  with  bone 
metastasis  and  found  that  BMPR2  was  significantly  down- 
regulated  in  bone  metastatic  lesions  compared  with  the  pri¬ 
mary  tumor  in  these  patients  (Fig.  5,  C  and  D),  suggesting 
that  decreased  expression  of  BMPR2  is  a  key  factor  for  met¬ 
astatic  growth  in  bone.  We  also  observed  that  primary 
tumors  of  patients  with  bone  metastasis  expressed  signifi¬ 
cantly  lower  levels  of  SPARC  and  BMPR2  compared  with 
patients  with  localized  disease  (Fig.  5,  E-G).  Tumors  from 
metastasis-free  patients  were  significantly  more  positive  for 
both  SPARC  and  BMPR2  expression,  whereas  low  SPARC, 
low  BMPR2,  or  low  SPARC  and  BMPR2  levels  defined 
patients  with  bone  metastatic  disease.  These  results  strongly 
support  the  notion  that  both  SPARC  and  BMPR2  are  crucial 
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FIGURE  6.  SPARC  is  regulated  by  promoter  methylation.  A,  methylation  of  the  SPARC  promoter  around  the  transcription  start  site  (755)  was  examined  for 
indolent  and  aggressive  cells.  B,  aggressive  and  indolent  cells  were  treated  with  5-azacytidine  [Aza,  50  nivi),  and  SPARC  expression  was  examined  by  Western 
blotting.  C,  prostate  cancer  patients  in  TCGA  database  were  stratified  based  on  the  level  of  average  SPARC  promoter  methylation,  and  new  incidence  or 
disease-free  survival  was  examined  for  5  years  (n  =  337).  BCR ;  biochemical  recurrence.  D,  DNMT1  and  DNMT3b  expression  was  examined  in  indolent  and 
aggressive  cells  by  Western  blotting.  E,  aggressive  cells  were  treated  with  NS398  (50  piM)  for  24  h,  and  the  expression  of  SPARC,  DNMT1,  and  DNMT3b  was 
examined  by  Western  blotting.  F,  schematic  of  the  collection  of  conditioned  medium  from  aggressive  cells  treated  with  or  without  NS398,  followed  by 
treatment  of  BMSC.  G,  the  expression  of  BMP7  was  examined  in  BMSC  after  treatment  with  the  indicated  CM  by  Western  blotting.  Agg,  aggressive.  H,  a  cell 
proliferation  assay  was  performed  after  treating  aggressive  cells  with  the  CM  outlined  in  F,  and  cell  growth  was  examined  on  days  1 , 3,  and  5.  A  normalized  cell 
count  relative  to  day  1  is  shown.  *,  p  <  0.05;  **,  p  <  0.01 .  /,  aggressive  cells  were  injected  via  the  intracardiac  route,  and  bone  metastasis-free  survival  was 
examined  in  DMSO-  or  NS398-treated  groups  (n  =  1 0/group).  ****,  p  <  0.0001 . 


in  dormancy  and  that  the  SPARC-BMP7-BMPR2  axis 
enhances  dormant  survival  of  cancer  cells  in  bone. 

The  SPARC  Gene  Is  Epigenetically  Regulated  in  Aggressive 
Cells — The  striking  difference  in  the  expression  of  SPARC 
between  indolent  and  aggressive  cells  prompted  us  to  test 
whether  SPARC  is  epigenetically  regulated  during  dormancy 
and  recurrence.  We  therefore  examined  the  methylation  status 
of  the  SPARC  promoter  in  indolent  and  aggressive  cells.  As 
shown  in  Fig.  6 A,  we  found  that  several  CpG  islands  in  the 
promoter  region  of  SPARC  are  significantly  more  methylated  in 
aggressive  cells  compared  with  indolent  cells.  In  addition,  treat¬ 
ment  with  the  demethylating  agent  5-azacytidine  reversed 
SPARC  expression  in  aggressive  cells  but  not  in  indolent  cells 
(Fig.  6 B  and  supplemental  Fig.  S5A).  Furthermore,  analysis  of 


TCGA  database  for  SPARC  promoter  methylation  revealed 
that  the  SPARC  promoter  is  highly  methylated  in  prostate  tu¬ 
mors  compared  with  normal  tissues  (supplemental  Fig.  S5B). 
To  examine  the  clinical  relevance  of  SPARC  promoter  methyl¬ 
ation,  we  stratified  patients  in  TCGA  database  according  to 
their  SPARC  methylation  levels  and  found  that  low  SPARC 
promoter  methylation  was  significantly  associated  with 
increased  disease-free  survival  in  prostate  cancer  patients  (Fig. 
6C).  In  addition,  we  found  that  DNMT1  and  DNMT3b,  two 
dominant  de  novo  DNA  methylases  that  have  also  been  known 
previously  to  regulate  gene  expression  in  tumor  cells,  were 
highly  expressed  in  aggressive  cells  (Fig.  6 D).  Furthermore,  the 
results  of  a  clinical  data  analysis  indicate  that  patients  express¬ 
ing  high  levels  of  DNMT1  and  DNMT3b  showed  decreased 
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FIGURE  7.  Schematic  illustrating  how  SPARC  in  the  bone  microenvironment  induces  dormancy. 


recurrence-free  survival  (supplemental  Fig.  S5,  C  and  D).  Inter¬ 
estingly,  SPARC  was  shown  previously  to  be  down-regulated  by 
the  COX2  inhibitor  NS398  via  down-regulation  of  DNMT1  and 
DNMT3b  in  lung  cancer  cells  (29).  We  found  that  NS398  treat¬ 
ment  also  reduced  the  expression  of  both  DNMT1  and 
DNMT3b  and  increased  SPARC  expression  in  aggressive  cells 
in  a  COX2-independent  manner  (Fig.  6 E  and  supplemental  Fig. 
S5,  E  and  F). 

To  clarify  the  functional  significance  of  this  epigenetic  con¬ 
trol  in  dormancy,  we  first  treated  aggressive  cells  with  NS398, 
followed  by  collecting  CM,  as  illustrated  in  Fig.  6 F.  When 
BMSC  were  treated  with  this  CM,  BMP7  was  significantly  up- 
regulated  (Fig.  6G).  Furthermore,  CM  generated  by  treating 
BMSC  with  CM  derived  from  NS398-treated  aggressive  cell 
was  able  to  significantly  lower  the  cell  proliferation  ability  of 
aggressive  cells  (Fig.  6 77).  In  addition,  CM  generated  from  aza- 
cytidine-treated  aggressive  cells  was  also  able  to  up-regulate 
BMP7  in  BMSC  and  decreased  the  cell  proliferation  ability  of 
cancer  cells  (supplemental  Fig.  S5,  G  and  77).  These  results  sug¬ 
gest  that  reversal  of  SPARC  methylation  offers  a  window  of 
therapeutic  opportunity  for  recurrent  disease  by  enhancing 
inhibitory  signaling  from  the  bone  stroma.  We  transplanted 
aggressive  cells  intracardially  and  treated  the  animals  with 
NS398.  As  shown  in  Fig.  67,  treatment  with  NS398  significantly 
suppressed  tumor  incidence  in  the  bones  of  these  animals. 
These  results  suggest  that  reversal  of  SPARC  promoter  meth¬ 
ylation  induces  dormant  survival  of  cancer  cells  in  bone  by 
educating  stromal  cells  for  an  inhibitory  response  via  BMP7 
secretion. 

Discussion 

Prostate  tumor  cells  are  known  to  often  disseminate  at  the 
very  early  stage  of  tumorigenesis,  and  —90%  of  metastatic  dis¬ 
ease  is  related  to  bone,  suggesting  that  tumor  cells  reside  in 
bone  for  a  prolonged  period  of  time  before  growing  as  overt 
metastases  (30).  The  well  established  tumor-supportive  niche 


provided  by  the  bone  environment  makes  it  one  of  the  sanctu¬ 
ary  sites  for  dormant  survival  of  disseminated  tumor  cells,  as 
evidenced  by  the  isolation  of  dormant  disseminated  tumor  cells 
from  the  bone  marrow  of  a  patient  with  a  history  of  prostate 
cancer  (5).  In  our  study,  by  injecting  CSC  in  the  tibial  bone  of 
mice,  we  isolated  a  pair  of  cell  lines  (aggressive  and  indolent 
cells)  that  mimic  the  phenomenon  of  metastatic  dormancy  in 
bone.  To  our  knowledge,  this  is  the  first  established  pair  of  cell 
lines  that  mimics  the  phenotype  of  dormant  and  aggressive 
growth  in  bone  in  vivo.  Importantly,  the  recurrence  assay 
shown  in  Fig.  2D  verified  the  reversibility  of  dormant  tumor 
cells,  and  therefore  our  model  can  provide  a  valuable  tool  to 
study  dormancy  and  recurrence.  The  indolent  cells  activated 
the  p38  MAPI<  pathway  and  its  downstream  cell  cycle  inhibi¬ 
tors  only  when  co-cultured  with  bone  stromal  cells,  which  illus¬ 
trates  the  importance  of  cancer-stroma  cross-talk  and  p38  acti¬ 
vation  in  the  maintenance  of  the  dormant  niche  in  bone.  Our 
results  also  showed  that  this  cross-talk  was  mediated  via 
SPARC  secreted  by  indolent  cells  and  that  SPARC  stimulated 
the  paracrine  inhibitory  response  through  the  BMP7-BMPR2 
axis.  Importantly,  SPARC  was  epigenetically  silenced  by  pro¬ 
moter  methylation  in  aggressive  cells,  and  treatment  with 
NS398  reversed  SPARC  methylation  and  enhanced  dormant 
survival  in  bone  by  down-regulating  DNA  methylase  enzymes. 
Therefore,  this  potential  therapeutic  strategy  may  keep  cancer 
cells  in  perpetual  dormancy.  Fig.  7  illustrates  how  SPARC 
induces  dormancy  in  the  bone  microenvironment. 

SPARC  is  an  extracellular  matrix-associated  protein  known 
for  its  oncogenic  and  tumor-suppressive  roles  (31).  SPARC  has 
been  documented  for  its  role  in  the  formation  of  extracellular 
matrix  and  mineralization  of  bone  (19,  20, 32, 33).  SPARC  plays 
a  significant  role  in  tissue  remodeling,  maintaining  cell  matrix 
integrity  and  interaction  and  collagen  fiber  assembly  (34).  Stro¬ 
ma-  as  well  as  tumor-secreted  SPARC  is  known  to  affect  tumor 
growth  in  cell  type-  and  context-dependent  manners  by  regu- 
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lating  cell  proliferation,  adhesion,  migration,  invasion,  and 
angiogenesis  (25,  35-38).  In  prostate  cancer,  apparent  conflict¬ 
ing  results  regarding  SPARC  expression  in  both  clinical  and 
experimental  studies  suggest  that  the  role  of  SPARC  is  even 
more  complex.  The  studies  that  involved  unbiased  screening  by 
gene  expression  analysis  have  shown  SPARC  expression  to  be 
correlated  with  high-grade,  androgen-resistant,  and  metastatic 
disease.  In  addition,  SPARC  was  shown  previously  to  attract 
prostate  cancer  cells  into  bone  by  promoting  a  migratory  and 
invasive  phenotype  (39-42).  Indeed,  a  moderate  level  of 
expression  of  SPARC  was  observed  in  bone  metastases  of  pros¬ 
tate  cancer  patients  by  immunohistochemistry  (43).  On  the 
contrary,  several  lines  of  evidence  indicate  tumor-suppressive 
roles  of  SPARC  in  prostate  cancer  (44-47).  Wong  et  al  (47) 
found  a  significantly  diminished  SPARC  level  in  patients  with 
metastatic  disease.  Similarly,  Kwabi-Addo  et  al  (48)  have 
shown  that  SPARC  is  silenced  by  promoter  methylation  in  Afri¬ 
can-American  patients  who  often  develop  aggressive  prostate 
cancer  with  2-fold  higher  mortality  rate  than  Caucasian  Amer¬ 
ican  patients  (48).  The  apparent  disagreement  between  these 
studies  may  be  due  to  multiple  factors,  including  expression 
profiling  of  the  primary  tumor,  batch  variability,  and  lack  of 
clinical  data  for  the  site  of  metastasis.  Moreover,  the  contro¬ 
versy  of  the  pathological  role  of  SPARC  in  prostate  cancer  was 
further  affirmed  in  two  separate  studies  that  utilized  the 
SPARC  knockout  and  transgenic  adenocarcinoma  of  the  mouse 
prostate  (TRAMP)  mouse  models.  Although  Said  et  al.  (25) 
found  an  inhibitory  role  of  SPARC  in  tumor  and  metastatic 
growth,  another  study  did  not  identify  any  role  of  SPARC  in 
tumor  progression  and  metastasis  (49).  The  discrepancy  in  the 
pathological  outcome  evident  in  these  studies  might  be  due  to 
the  differences  in  genetic  background  of  the  mice  used  in  the 
study.  Similarly,  controversy  over  the  role  of  SPARC  was  also 
evident  in  carcinoma  of  breast  and  skin,  where  both  oncogenic 
and  tumor-suppressive  roles  were  observed  in  multiple  in  vitro , 
in  vivo ,  and  clinical  studies  (50).  On  the  other  hand,  the  tumor- 
and  metastasis-suppressive  role  of  SPARC  has  been  well  docu¬ 
mented  for  gastrointestinal,  ovarian,  pancreatic,  and  colon  can¬ 
cers,  whereas  the  oncogenic  role  was  verified  in  glioma  (38, 
51-55).  Therefore,  the  role  of  SPARC  in  tumor  progression 
appears  to  be  complex  and  specific  to  the  tissue  type  and  stages 
of  the  disease.  Our  data  suggest  the  new  paradigm  that  SPARC 
is  highly  expressed  by  dormant  cancer  cells  residing  in  bone, 
which  demonstrates  that  the  role  of  SPARC  is  contextually  and 
spatiotemporally  regulated.  We  found  that  bone  stromal  cells 
specifically  responded  to  tumor-induced  SPARC  by  secretion 
of  tumor-inhibitory  BMP7,  which,  in  turn,  activated  the  p38 
MAPK  pathway  via  BMPR2  in  cancer  cells.  Moreover,  BMP7 
also  decreased  stem  cell  population  and  enhanced  reversible 
senescence  of  cancer  cells.  On  the  other  hand,  disruption  of 
BMP7-BMPR2  signaling  axis  by  Noggin,  a  potent  competitive 
inhibitor  of  BMPs,  rescued  the  inhibitory  effect  of  BMP7  in  the 
bone  microenvironment.  Therefore,  the  precise  role  of  SPARC 
is  greatly  dependent  on  the  tumor-niche  proteome  profile  and 
crosstalk  with  the  microenvironment.  It  is  conceivable  that 
education  of  tumor  stroma  by  SPARC  and  explicit  stromal 
response  at  various  stages  of  tumor  progression  greatly  dictates 
the  functional  fate  of  SPARC. 


Multiple  types  of  cancer  cells  are  known  to  interact  and  com¬ 
municate  with  cells  in  the  bone  marrow  microenvironment 
through  secretion  of  cytoactive  molecules.  McCabe  et  al  (56) 
observed  that  SPARC  suppressed  osteoclast  differentiation,  a 
key  step  during  bone  tumor  growth,  wherein  SPARC  knockout 
mice  showed  increased  osteolysis  after  intraosseous  implanta¬ 
tion  of  RM1  murine  prostate  cancer  cells.  Similarly,  when  can¬ 
cer  cells  were  grown  in  the  bone  matrices  generated  in  vitro 
using  SPARC  knockout  osteoblasts,  the  bone  growth  of  PC3 
cells  was  greatly  enhanced  (57).  Furthermore,  the  bone  metas¬ 
tasis-suppressive  function  of  SPARC  was  reported  previously 
for  breast  cancer  by  utilizing  an  in  vivo  systemic  inoculation 
model  (51).  Based  on  our  results  of  SPARC-mediated  cross-talk 
with  BMSC,  it  is  plausible  that  inhibition  of  cancer  growth  in 
these  models  involves  inhibitory  paracrine  factor(s),  such  as 
BMP7,  from  the  stroma.  Interestingly,  a  previous  study  has 
shown  that  tumor-stroma  interaction  in  the  bone  elevates 
SPARC  expression  in  the  bone  microenvironment,  followed  by 
proteolytic  cleavage  by  the  stromal  collagenase  cathepsin  I<, 
although  the  specific  role  of  SPARC  fragments  in  bone  metas¬ 
tasis  was  not  examined  (58).  It  is  noteworthy  that  opposing 
biological  roles  of  SPARC  fragments  have  been  identified  pre¬ 
viously  (50).  Therefore,  the  differences  in  the  protease  profile  of 
the  microenvironment  may  potentially  dictate  the  functional 
fate  of  the  cleaved  fragments,  which  warrants  further  studies  to 
identify  the  functions  of  individual  peptides  during  the  patho¬ 
logical  stages  of  bone  metastasis. 

Bone  stromal  cells  were  reported  previously  to  induce  dor¬ 
mancy  of  cancer  cells  either  through  exosome-mediated  secre¬ 
tion  of  inhibitory  microRNAs  or  through  secretion  of  stromal 
proteins  such  as  TGF/32  and  BMP7(18,  59).  BMP7  is  known  to 
affect  invasion  and  migration  by  inhibiting  epithelial-to-mes- 
enchymal  transition  of  cancer  cells  (60,  61).  We  showed  previ¬ 
ously  that  BMP7  released  by  the  bone  stroma  decreased  stern¬ 
ness  and  promoted  reversible  senescence  of  cancer  cells  via 
signaling  through  BMPR2.  Intriguingly,  we  found  in  this  study 
that  SPARC  elevates  BMP7  expression  from  BMSC,  which  led 
to  senescence  of  indolent  cells.  In  addition,  the  CM  from 
SPARC-treated  BMSC  also  promoted  the  senescence  pheno¬ 
type  and  reduced  the  stem  cell  population  in  cancer  cells. 
Therefore,  indolent  cells  maintain  a  dormant  state  in  the  bone 
microenvironment  through  activation  of  inhibitory  signaling 
mediated  by  the  BMP7-BMPR2  axis.  Notably,  aggressive  cells 
expressed  a  high  level  of  Noggin,  and  therefore  it  is  highly  prob¬ 
able  that  the  elevated  Noggin  expression  in  cancer  cell  or  the 
bone  microenvironment  disrupts  BMP7-BMPR2  signaling,  res¬ 
cues  cancer  cells  from  the  dormant  state,  and  triggers  the  onset 
of  recurrent  disease. 

Our  finding  shows  that  BMPR2  expression  plays  a  key  role  in 
dormant  survival  of  cancer  cells  in  bone.  The  major  molecular 
phenotype  of  dormancy,  reduction  in  sternness,  was  not  evident 
when  BMPR2  expression  was  knocked  down  in  PC3mm  cells. 
In  addition,  the  BMPR2  level  in  the  tumor  of  a  patient  nega¬ 
tively  correlated  with  the  status  of  recurrent  disease,  and  the 
BMPR2-correlative  signature  was  highly  enriched  in  patients 
who  did  not  experience  recurrent  disease.  In  support  of  our 
finding,  BMPR2  expression  was  reported  previously  to  be  lost 
in  aggressive  disease  of  bladder  and  colon  cancers  (62,  63). 
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Importantly,  our  immunohistochemical  analysis  also  revealed 
decreased  expression  of  BMPR2  in  bone  metastatic  primary 
tumors  as  well  as  bone  lesions  compared  with  the  primary 
tumor  without  metastasis.  Therefore,  it  is  conceivable  that 
decreased  BMPR2  expression  or  downstream  signaling  activa¬ 
tion  may  lead  to  a  conducive  environment  in  bone  for  recurrent 
tumor  growth.  These  results  further  underline  the  potential 
utility  of  BMPR2  and  its  downstream  proteins  as  biomarkers  for 
patient  prognosis. 

The  differential  methylation  status  of  the  SPARC  promoter 
in  indolent  and  aggressive  cells  suggests  that  environmental 
stress  reprograms  tumor  cells  for  dormant  survival  via  epige¬ 
netic  modification.  Indeed,  our  results  revealed  that  reversal  of 
SPARC  promoter  methylation  in  Aggressive  cells  either  by 
5-azacytidine  or  NS398  treatment  enhanced  SPARC  expres¬ 
sion  and  induced  the  inhibitory  signal  from  stromal  cells.  Meth¬ 
ylation  of  promoters  of  prominent  tumor-suppressive  genes 
has  been  known  to  enhance  aggressive  growth  at  distant  sites 
(64).  Sosa  et  al.  (13,  14)  have  shown  that  NR2F1,  an  orphan 
nuclear  receptor  of  RA  signaling,  rendered  the  dormancy  phe¬ 
notype  in  vivo  by  activating  global  repressive  chromatin  marks 
in  cancer  cells.  Interestingly,  NR2F1  binds  and  regulate  the 
SPARC  promoter  in  head  and  neck  squamous  cell  carcinoma, 
suggesting  a  possibility  that  selection  of  an  indolent  clone  is 
dependent  on  an  epigenetic  master  regulator  that  changes  the 
expression  of  prominent  gene  promoters  (13).  The  increased 
expression  of  de  novo  methylase  genes  DNMT1  and  DNMT3b 
in  aggressive  cells  further  supports  the  notion  that  epigenetic 
silencing  of  the  SPARC  promoter  by  methylation  may  be  a 
potential  key  for  recurrent  growth  in  bone  (Fig.  7).  In  support  of 
this  notion,  patients  with  low  promoter  methylation  status  of 
SPARC  showed  prolonged  disease-free  survival.  Furthermore, 
NS398  induced  SPARC  via  down-regulation  of  DNMT1  and 
DNMT3b,  which  is  in  agreement  with  a  previous  study  showing 
a  DNMT-dependent  increase  of  SPARC  in  A549  lung  carci¬ 
noma  cells  by  NS398  (29).  In  addition,  NS398  has  been  studied 
previously  for  its  effect  on  limiting  cell  proliferation,  angiogen¬ 
esis,  invasion,  and  metastasis  of  multiple  cancer  types  (65-  67). 
It  should  be  noted  that  NS398  was  also  shown  previously  to 
significantly  inhibit  bone  metastasis  of  breast  cancer  cells  by 
suppressing  TGF-J3  dependent  activation  of  COX-2.  It  is  con¬ 
ceivable  to  induce  SPARC  by  NS398  to  maintain  the  dormant 
state  of  cancer  cells  in  bone  (68).  To  this  end,  we  transplanted 
aggressive  cells  and  found  that  treatment  with  NS398  signifi¬ 
cantly  inhibited  metastatic  growth  in  bone.  This  finding  shows 
a  potential  use  of  NS398  to  maintain  cancer  cells  in  the  dormant 
state  and  offers  therapeutic  windows  to  treat  bone  recurrent 
disease. 

Experimental  Procedures 

Cell  Culture— Indolent  and  aggressive  cell  lines  were  isolated 
from  tibial  bone  of  nude  mice  after  injection  of  PC3mm  cancer 
stem  like  cells  as  described  in  supplemental  Fig.  SL4.  The 
PC3mm  cell  line  was  provided  by  I.  J.  Fidler  (University  of 
Texas  MD  Anderson  Cancer  Center,  Houston,  TX).  DU145 
was  obtained  from  the  American  Type  Culture  Collection. 
ALVA41e  was  provided  by  W.  Rosner  (Columbia  University, 
New  York,  NY).  LNCaP  cells  were  obtained  from  the  University 


of  Texas  MD  Anderson  Cancer  Center.  hBMSCs  (donors  7075 
and  7083)  were  obtained  from  the  Texas  A&M  Institute  for 
Regenerative  Medicine.  hBMSCs  were  maintained  in  minimum 
essential  medium  with  20%  fetal  bovine  serum,  100  jutg/ml 
streptomycin,  and  100  units/ml  penicillin.  Other  cells  were 
grown  in  RPMI 1640  medium  with  10%  fetal  bovine  serum,  100 
jmg/ml  streptomycin,  and  100  units/ml  penicillin  and  incubated 
at  37  °C  in  a  5%  C02  atmosphere.  The  PC3mm  cell  line  was 
transduced  with  a  lentiviral  vector  carrying  the  firefly  luciferase 
gene  for  bioluminescence  tracking.  Recombinant  human 
SPARC  and  BMP7  were  purchased  from  ProSpec.  For  transwell 
co-culture,  104  cancer  cells  were  seeded  on  a  24-well  plate,  and 
a  culture  insert  with  0.4- pan  pore  size  (Corning)  was  placed  on 
top  of  each  well,  followed  by  seeding  the  upper  chamber  with 
105  BMSCs. 

Preparation  of  Conditioned  Medium— F or  generating  BMSC 
+  SP  CM,  hBMSC  were  treated  with  0.2  pg/ml  recombinant 
SPARC  and  incubated  for  24  h,  and  the  medium  was  replaced  with 
serum- free  RPMI  medium.  After  24  h  of  incubation  with  serum- 
free  RPMI  medium,  the  CM  was  collected  and  added  to  cancer 
cells  at  a  ratio  of 50:50  with  10%  RPMI.  For  supplemental  Fig.  S4D, 
aggressive  cells  were  treated  with  0.5  pM  5-azacytidine  or  vehicle 
(1:1,  acetic  acid: water)  for  4  days,  followed  by  replacing  the 
medium  with  serum-free  RPMI  medium.  The  cells  were  then 
incubated  for  24  h,  and  CM  was  collected.  This  CM  was  further 
added  to  hBMSC  and  incubated  for  24  h,  followed  by  changing  of 
the  medium  to  serum-free  RPMI.  After  24  h,  CM  was  collected 
and  added  to  aggressive  cells. 

Isolation  of  GSCs— CSCs  were  isolated  by  magnetic  bead 
sorting  using  a  magnetic-assisted  cell  sorting  (MACS)  separa¬ 
tor  (Miltenyi  Biotec)  as  described  previously  (18).  PC3mm 
cells  were  incubated  with  the  following  specific  antibodies: 
anti-CD24-biotin  (STEMCELL  Technologies),  anti-CD44- 
APC  (BioLegend),  and  anti-CD133-biotin  (Miltenyi  Biotec). 
CD24low/CD44high/CD133high  cells  were  then  enriched  by 
using  a  magnetic-assisted  cell  sorting  magnet  and  MS  columns 
(Miltenyi  Biotec).  All  magnetic-assisted  cell  sorting  proce¬ 
dures  were  performed  according  to  the  instructions  of  the 
manufacturer. 

FACS— Prostate  cancer  cells  were  treated  with  CM  for  48  h. 
CM  was  replaced  after  24  h.  Cells  were  then  collected  after  48  h, 
washed  twice  in  PBS,  incubated  with  CD24-FITC,  CD44-APC 
and  CD133-PE  for  20  min,  and  analyzed  for  CSC  positive 
population  (CD24low/CD44high/CD133high)  in  a  BD  Accuri 
instrument. 

Western  Blotting— The  cells  were  lysed  and  analyzed  by 
immunoblotting  using  antibodies  specific  for  the  following  pro¬ 
teins:  p21,  pl8,  n-tubulin,  and  GAPDH  (Cell  Signaling  Tech¬ 
nology);  SPARC  (R&D  Systems);  DNMT3b,  Noggin,  and  BMP7 
(Abeam);  and  DNMT1  (Genetex). 

Sphere-forming  Assay— Cancer  cells  were  plated  (200  cells/ 
well)  in  96-well  ultra-low  attachment  plates  (Corning)  with 
DMEM/F12  supplemented  with  2%  B27  (Invitrogen),  20  ng/ml 
EGF  (Sigma-Aldrich),  and  4  pg/ml  insulin  (Sigma-Aldrich). 
They  were  then  incubated  with  CM  generated  with  or  without 
treatment  of  BMSC  with  recombinant  SPARC.  The  number  of 
prostaspheres  was  counted,  and  data  are  represented  as  the 
mean  ±  S.E. 


1 9360  JOURNAL  OF  BIOLOGICAL  CHEMISTRY 


iASBMB  VOLUME  291  -  NUMBER  37-SEPTEMBER  9, 201 6 


Downloaded  from  http://www.jbc.org/  at  WAKE  FOREST  UNIV  School  of  Medicine/Carpenter  Library  on  October  4,  2016 


SPARC  Induces  Prostate  Cancer  Dormancy  in  Bone 


Proliferation  Assay— Cells  were  seeded  into  96-well  plates 
(500  cells/well)  in  regular  growth  medium.  The  cells  were  then 
cultured  overnight,  followed  by  treating  them  with  conditioned 
medium.  Cell  viability  was  measured  by  (3- (4, 5-dimethyl  thi- 
azol-2  yl)-5-(3-carboxy  phenyl) -2- (4-sulfophenyl)-2H-tetrazo- 
lium  assay  according  to  the  recommendations  of  the  manufac¬ 
turer  (Promega). 

Animal  Experiments— AW  animal  experiments  were  done  in 
accordance  with  a  protocol  approved  by  the  Wake  Forest  Insti¬ 
tutional  Animal  Care  and  Use  Committee.  Athymic  nude  mice 
(Harlan)  4  -5  and  7-  8  weeks  of  age  were  used  for  the  xenograft 
experiment.  For  isolating  indolent  and  aggressive  cells,  4000 
PC3mm  CSCs  labeled  with  luciferase  were  injected  into  the 
tibial  bone  of  nude  mice.  After  6  weeks,  tibial  bones  with 
aggressive  or  indolent  tumor  growth  were  flushed  with  PBS, 
followed  by  selection  of  the  cells  with  puromycin.  For  verifica¬ 
tion  of  differential  growth,  104  indolent  or  aggressive  cells  were 
injected  into  the  tibial  bone.  For  bone  metastasis-free  survival 
experiments,  105  CSCs  isolated  from  indolent  or  aggressive 
cells  were  injected  into  the  left  cardiac  ventricles  of  mice.  For 
the  recurrence  assay,  200  p g/kg  SPARC  or  vehicle  alone  was 
subsequently  injected  every  2  days  into  the  tail  vein.  For  NS398 
treatment,  106  aggressive  cells  were  injected  into  the  left  car¬ 
diac  ventricle,  and  mice  were  treated  with  either  DMSO  or 
NS398  (20  mg/kg)  every  2  days  until  day  40.  The  progression  of 
cell  growth  and  development  of  metastases  was  monitored  by 
bioluminescence  imaging. 

Wound  Healing  Assay— Cells  were  grown  until  confluence, 
and  cells  were  scratched  by  a  1-ml  pipette  tip.  The  migration  of 
cells  was  monitored  under  the  microscope  after  9,  12,  24,  and 
48  h.  The  percentage  of  wound  healing  was  counted  in  three 
different  fields  for  each  cell  line. 

Invasion  Assay— Cell  culture  inserts  with  a  microporous 
membrane  were  coated  with  Matrigel  (BD  Biosciences),  fol¬ 
lowed  by  seeding  105  cancer  cells.  RPMI  medium  containing 
20%  fetal  bovine  serum  was  added  to  the  bottom  chamber.  The 
cells  were  then  incubated  for  24  h  at  37  °C.  The  upper  chamber 
was  removed,  and  the  cells  in  the  bottom  chambers  were 
stained  with  tetrazolium  dye  and  counted  under  a  microscope. 

Bisulphite  Sequencing—  Genomic  DNA  was  isolated  using  a 
cell  and  soft  tissue  DNA  isolation  kit  (Zymo  Research).  The 
methylation  of  the  CpG  island  was  examined  by  bisulphite 
sequencing  (Epigendx). 

Quantitative  RT-PCR  Analysis— Total  RNA  was  isolated 
from  the  cells  and  reverse-transcribed.  The  cDNA  was  then 
amplified  with  a  pair  of  forward  and  reverse  primers  to  validate 
the  results  of  the  microarray.  The  thermal  cycling  conditions 
consisted  of  an  initial  denaturation  step  at  95  °C  for  1  min,  fol¬ 
lowed  by  35  cycles  of  PCR  using  the  following  profile:  94  °C  for 
30s,  58  °C  for  30  s,  and  72  °C  for  30  s. 

Statistical  Analysis— Results  are  reported  as  mean  ±  S.E.  For 
in  vitro  experiments,  Student’s  t  test  or  one-way  analysis  of 
variance  was  applied.  For  in  vivo  experiments,  group  compari¬ 
sons  were  performed  using  nonparametric  Mann- Whitney  test 
or  unpaired  Student’s  t  test.  Kaplan-Meier  curve  comparison 
was  performed  with  a  log-lank  test. 

Senescence-associated  (3-gal  Staining—  Cells  were  treated 
with  or  without  SPARC-treated  BMSC  CM  as  indicated  in  the 


figure  legends,  and  a  senescence-associated  /3-gal  assay  was 
performed  using  the  senescence-associated  /3-gal  staining  kit 
(Cell  Signaling  Technology)  according  to  the  instructions  of  the 
manufacturer. 

Gene  Set  Enrichment  Analysis— The  Gene  Matrix  file  (.gmx) 
was  generated  by  combining  the  top  378  genes  that  were  signif¬ 
icantly  correlated  (R* 1 2  >  0.5)  to  BMPR2  in  TCGA  database  with 
502  prostate  cancer  patients.  The  Gene  Cluster  Text  file  (.get) 
was  generated  from  Taylor’s  cohort  (GSE21034)  by  separating 
prostate  cancer  patients  based  on  their  status  of  recurrence. 
Patients  who  did  not  experience  recurrence  for  at  least  5  years 
were  placed  in  the  “no  recurrence”  group  ( n  =  32),  whereas 
patients  who  experienced  recurrence  before  5  years  were 
placed  in  the  “recurrence”  group  ( n  =  34).  Similarly,  the  Cate¬ 
gorical  class  file  (.els)  was  also  generated  based  on  the  recur¬ 
rence  status  of  each  patient.  The  number  of  permutations  was 
set  to  1000,  and  we  used  GPL10264  as  the  chip  platform. 

Immunohisto chemistry— Primary  prostate  cancer  tissue 
microarrays  were  obtained  from  US  Biomax,  Inc.  (PRT195  and 
PR242b).  The  tissue  microarray  generated  from  bone  meta¬ 
static  lesions  was  obtained  from  Tirstar  Inc.  (79562475).  Form¬ 
aldehyde-fixed  and  paraffin-embedded  human  prostate  tissue 
specimens  were  obtained  from  the  surgical  pathology  archives 
of  the  Akita  Red  Cross  Hospital  (Akita,  Japan)  and  Iwate  Med¬ 
ical  School  (Iwate,  Japan).  The  sections  were  baked  at  60  °C  for 
1  h,  deparaffinized  in  xylene,  and  rehydrated  and  fixed  in  10% 
neutral  buffered  formalin.  Immunohistochemical  staining  of 
histological  sections  was  performed  according  to  a  protocol 
published  previously  (18)  using  the  EnVision  Plus  system 
(Dako)  and  antibodies  specific  to  BMPR2  (Abeam)  and  SPARC 
(R&D  Systems). 

Cell  Labeling  with  DiD  Dye—Ce  11s  were  stained  with  DiD  dye 
(Molecular  Probes,  Eugene,  OR;  catalog  no.  V22887)  according 
to  the  instructions  of  the  manufacturer.  Briefly,  cells  (1  X  106 
cells/ml)  were  incubated  with  DiD  dye  (0.5  pM)  in  serum-free 
medium  at  37  °C  for  40  min,  washed  with  serum-free  medium 
three  times,  resuspended  in  PBS,  and  analyzed  for  staining  by 
FACS  (BD  Biosciences,  Accuri). 
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SUPPLEMENTAL  FIGURE  LEGENDS: 

SUPPLEMENTARY  FIGURE  1: 

(A)  Schematic  outline  for  isolation  of  Indolent  and  Aggressive  cells  from  mice.  Stem-like  cell 
population  (CD24low/CD44hlgh/CD133hlgh)  was  isolated  from  PC3mm  cells  followed  by  injecting 
4000  cells  into  the  tibial  bone  of  the  nude  mice.  About  50  percent  of  the  mice  showed  tumor 
incidence  (overt  growth)  whereas  rest  of  the  mice  did  not  show  tumor  incidence  as  examined  by 
bioluminescence  at  Day  40.  The  tibial  bones  from  all  the  mice  were  flushed  out  and  cancer  cells 
were  isolated  by  adding  puromycin  into  the  culture  media  and  growing  for  2  weeks.  ( B-E ) 
Indolent  and  Aggressive  cells  were  evaluated  for  their  proliferative  ability  ( B ),  sphere  formation 
ability  ( C ),  CD24low/CD44hlgh/CD133hlgh  Cancer  Stem- like  population  (D),  invasive  ability  (E) 
and  migration  ability  ( F ). 

SUPPLEMENTARY  FIGURE  2: 

(A)  Indolent  or  Aggressive  cells  were  co-cultured  with  HS5  bone  stromal  cell  line  in  the 
transwell  plate.  Cancer  cells  were  seeded  on  the  lower  chamber  and  HS5  cell  was  seeded  in 
upper  chamber  and  cell  proliferation  of  cancer  cells  were  examined  at  days  1,  3  and  5  by  MTS 
assay.  ( B ,  C)  Indolent  and  Aggressive  cells  were  treated  with  Conditioned  Medium  (CM) 
prepared  from  bone  marrow  stroma  cells  (BMSC)  ( B )  and  HS5  cell  line  (C)  followed  by 
examining  cell  proliferation  at  days  1,  3  and  5  by  MTS  assay.  ( D )  Schematic  diagram  for 
isolation  of  CMs  that  were  used  to  treat  Indolent  cells.  BMSC  or  HS5  cells  were  treated  with 
either  Indolent  or  Aggressive  cell  CM.  After  24  hours  of  incubation,  the  media  was  replaced  by 
serum-free  FBS  DMEM  for  BMSC  and  serum-free  FBS  RPMI  for  HS5.  Cells  were  then 
incubated  for  24  hours  and  CMs  were  isolated.  (E)  CM  generated  after  treating  BMSC/HS5  with 
Indolent  or  Aggressive  CMs  (as  shown  in  D)  were  treated  to  Indolent  cells  followed  by 
examining  cell  proliferation  by  MTS  assay  at  day  5  (lower  panels)  and  p21  expression  after  48 
hours  of  treatment  (picture  inserts).  (F)  SPARC  expression  was  examined  in  CMs  isolated  from 
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human  osteoblast  cell  line  hFOB,  BMSC,  Indolent  and  Aggressive  cell  line.  Cell  lysate  GAPDH 
expression  was  used  as  a  loading  control.  *,  P-value<0.05  and  **  P-value<0.01. 

SUPPLEMENTARY  FIGURE  3: 

(A)  BMSC  was  treated  with  CMs  generated  from  Indolent  cells  with  or  without  expression  of 
SPARC  gene  for  24  hrs  followed  by  examination  of  BMP7  expression  by  western  blot  (left 
panel).  BMP7  expression  was  also  examined  in  BMSC  co-cultured  in  a  transwell  with  Indolent 
cells  either  silenced  for  SPARC  expression  using  shRNA  or  control  cells  for  24  hrs  (Right 
panel).  ( B )  Conditioned  mediums  (CM)  were  generated  from  BMSC  with  or  without  rSPARC 
(200  ng/ml)  treatment,  SP+BMSC  CM  or  BMSC  CM  respectively.  Cancer  cells  (PC3mm, 
Indolent  and  Aggressive)  were  seeded  in  the  low  binding  96-well  cell  culture  plate  and  treated 
with  BMSC  CM  or  SP+  BMSC  CM  in  a  50:50  ratio  with  sphere  media.  The  numbers  of  sphere 
formed  at  day  6  were  counted.  Representative  images  of  spheres  are  shown  in  right  panels.  (C) 
PC3mm,  Indolent  and  Aggressive  cells  were  treated  seeded  in  12-well  plate  followed  by 
treatment  with  BMSC  CM  or  SP+  BMSC  CM  for  48  hours.  SA-P-galactosidase  staining  was 
performed  to  stain  senescent  cells,  and  staining  positive  cells  were  quantified.  Representative 
images  of  senescent  cells  are  shown  in  right  panels.  ( D )  Noggin  expression  was  examined  in 
Aggressive  cells  with  or  without  shRNA  mediated  knockdown  of  Noggin  by  RT-PCR  (left)  and 
western  blot  (right).*,  P-value<0.05  and  **  P-value<0.01. 

SUPPLEMENTARY  FIGURE  4: 

(A)  BMPR2  expression  was  analyzed  in  patients  with  different  gleason  grade  in  GSE21034 
dataset.  ( B ,  C )  Correlation  analysis  between  BMPR2  expression  and  pre-surgical  PSA  (B)  or  age 
(C)  of  the  patient  was  performed  using  GSE21034  dataset.  ( D-F)  BMPR2  expression  was 
examined  between  different  stages  ( D ),  and  different  sub  stages  {E  and  F)  in  cancer  patients 
using  GSE21034. 

SUPPLEMENTARY  FIGURE  5: 

(A)  Indolent  and  Aggressive  cells  were  treated  with  5-Azacytidine  (50nM)  for  five  days  followed 
by  examination  of  SPARC  expression  by  qRT-PCR.  (B)  Methylation  of  SPARC  promoter  in 
normal  (n=50)  and  cancer  samples  (n=502)  from  prostate  cancer  patients  was  examined  by 
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analyzing  TCGA  database.  (C  and  D )  Recurrence-free  survival  of  DNMT1  and  DNMT3b  was 
examined  using  GSE27103  (C)  and  TCGA  database  (D).  (E)  Aggressive  cells  were  treated  with 
either  DMSO  or  NS398  (50  pM)  for  24  hours  and  SPARC  expression  was  examined  by  qRT- 
PCR.  (F)  Lower  panel:  Schematic  diagram  for  generation  of  CMs  that  were  used  to  treat 
Aggressive  cells.  Aggressive  cells  were  treated  with  or  without  5-Azacytidine  (50  nM)  for  five 
days  and  media  was  replaced  with  serum-free  RPMI  for  collection  of  CM.  This  CM  was  used  to 
treat  BMSC  for  24  hours,  and  the  media  was  collected  and  treated  to  Aggressive  cells.  Upper 
panel:  Western  blot  was  performed  to  examine  BMP7  expression  in  BMSC  after  treatment  with 
Aza-/+  Aggressive  CM  for  24  hours.  (G)  The  CMs  from  F  were  used  to  treat  Aggressive  cells 
followed  by  examining  cell  proliferation  at  days  1,  3  and  5  by  MTS  assay.  *,  P-value<0.05,  **, 
P-value<0.01  and  ****,  P-value<0.00001. 
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Supplementary  table  1: 


(a)  Cl 

inical  details  of  the  patients  wit 

i  low  Ef 

V1PR2  expression 
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58.69 
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3 

3 
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4 

3 

7 
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PCA0157 
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3 

6 
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Negative 
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56.90 
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3 

3 

6 
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PCA0159 
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4 

4 

8 
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ESTABLISHED 

Positive 

Abnormal N1 

PCA0160 

62.42 
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3 

3 

6 
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NONE 

Negative 

Not  Done NX 

PCA0162 

55.88 
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3 

4 

7 
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INV CAPSULE 

Negative 
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PCA0163 
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T3A 

3 

4 

7 
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3 

3 

6 
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4 
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PCA0175 
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9 
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5 

9 

1.38 

ESTABLISHED 

Negative 

Abnormal N1 
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NA 

NA 

NA 
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Normal N0 

PCA0213 

54.84 

9.40 

T3C 

4 

5 

9 
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ESTABLISHED 

Positive 
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(b)  Clinical  details  of  the  patients  with  hig 


i  BMPR2  expression 


Sample  ID 

DxAge 

PreTx 

PSA 

Path 

Stage 

Path 

GG1 

Path 

GG2 

Path 

GGS 

BCR_Free 

Time 

ECE 

SVI 

LNI 

PCA0001 

72.77 

43.90 

T3C 

4 

3 

7 

18.50 

ESTABLISHED 

Positive 

Normal 

NO 

PCA0002 

58.09 
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T2A 

5 

3 

8 
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Negative 
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NO 

PCA0003 
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T3A 

3 

4 

7 
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ESTABLISHED 

Negative 
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PCA0005 

64.70 

5.90 

T2C 

3 

4 

7 
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NONE 

Negative 

Normal 

NO 

PCA0007 
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3.80 

T2C 

3 

4 

7 
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Negative 

Normal 

NO 

PCA0009 
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T2C 

3 

4 

7 
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NONE 

Negative 
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NO 

PCA0010 
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T4 

3 

3 

6 
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NONE 
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NO 
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T2C 

3 

3 

6 
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Negative 
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NO 

PCA0012 
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T2C 

3 

3 

6 
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Negative 
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NO 

PCA0013 

54.21 

9.35 

T3A 

3 

4 

7 
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NONE 

Negative 

Normal 

NO 

PCA0014 
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2.91 

T2C 

3 

4 

7 
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Negative 

Not  Done 

l NX 

PCA0015 
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T3A 

3 

4 

7 

22.70 

ESTABLISHED 

Negative 
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PCA0018 
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T3A 

4 

3 

7 

18.96 

ESTABLISHED 

Negative 
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PCA0020 

59.89 

3.80 

T3A 

3 

4 

7 

56.94 

ESTABLISHED 

Negative 

Normal 

NO 

PCA0021 
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9.64 

T3A 

3 

4 

7 
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Negative 
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NO 
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5.80 

T2C 

3 

3 

6 

39.95 
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Negative 

Normal 

NO 

PCA0025 
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3.70 

T2C 

3 

4 

7 
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NONE 

Negative 

Normal 

NO 

PCA0026 

57.1 1 

9.49 

T2A 

3 

4 

7 
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Negative 
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NO 

PCA0027 
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6.69 

T2B 

3 

3 

6 

1  16.83 
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Negative 

Normal 

NO 

PCA0028 

61.47 

3.82 

T3B 

5 

3 

8 

27.60 
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Positive 
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NO 

PCA0029 
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6.82 

T2B 

3 

4 

7 

26.68 
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Negative 
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NO 

PCA0032 

56.37 

16.71 

T3A 

4 

5 

9 

3.71 
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Negative 

Normal 

NO 

PCA0034 

57.00 

5.40 

T2B 

3 

3 

6 
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Negative 

Normal 

NO 

PCA0035 
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13.10 

T3A 

3 

3 

6 
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NO 

PCA0036 
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6.92 

T2A 

4 

3 

7 
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Negative 
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NO 

PCA0037 

42.79 

5.00 

T2A 

3 

4 

7 
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NONE 

Negative 

Normal 

NO 

PCA0038 

64.26 

5.50 

T2B 

4 

3 

7 

100.21 

INV  CAPSULE 

Negative 
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BCR-free  time:  Biochemical  recurrence-free  survival  time  (in  months);  ECE:  Extracapsular 
extension;  SVI:  Seminal  vesicle  involvement;  LNI:  Lymph  node  involvement. 
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Bone  marrow  as  a  metastatic  niche  for 
disseminated  tumor  cells  from  solid  tumors 

Yusuke  Shiozawa1,2,  Matthew  R  Eber2,  Janice  E  Berry2  and  Russell  S  Taichman2 

department  of  Cancer  Biology  and  Comprehensive  Cancer  Center,  Wake  Forest  University  School  of  Medicine, 
Winston-Salem,  NC,  USA.  department  of  Periodontics  and  Oral  Medicine,  University  of  Michigan  School  of  Dentistry, 
Ann  Arbor,  Ml,  USA. 

Bone  marrow  is  a  heterogeneous  organ  containing  diverse  cell  types,  and  it  is  a  preferred  metastatic  site  for  several  solid 
tumors  such  as  breast  and  prostate  cancer.  Recently,  it  has  been  shown  that  bone  metastatic  cancer  cells  interact  with 
the  bone  marrow  microenvironment  to  survive  and  grow,  and  thus  this  microenvironment  is  referred  to  as  the  ‘metastatic 
niche’.  Once  cancer  cells  spread  to  distant  organs  such  as  bone,  the  prognosis  for  the  patient  is  generally  poor.  There  is 
an  urgent  need  to  establish  a  greater  understanding  of  the  mechanisms  whereby  the  bone  marrow  niche  influences  bone 
metastasis.  Here  we  discuss  insights  into  the  contribution  of  the  bone  marrow  ‘metastatic  niche’  to  progression  of  bone 
metastatic  disease,  with  a  particular  focus  on  cells  of  hematopoietic  and  mesenchymal  origin. 
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Introduction 

Primary  tumors,  with  proper  treatment,  do  not  typically  result  in 
patient  death.  However,  once  tumors  are  established  in  other 
organs,  the  mortality  of  cancer  patients  increases  markedly. 
Once  detached  from  the  primary  tumor,  a  single  tumor  cell  or  a 
cluster  of  tumor  cells  can  circulate  throughout  the  body,  and 
later  take  up  residence  in  a  distant  site.  Interestingly,  each  type 
of  tumor  has  a  distinct  pattern  of  dissemination.  It  has  been 
speculated  that  anatomical  and  mechanical  structures  in  the 
human  body  result  in  organ  preference  of  tumor  metastasis.1 
This  hypothesis,  however,  fails  to  explain  all  aspects  of  the 
metastatic  behavior  of  disseminated  tumor  cells  (DTCs). 

Over  a  century  ago,  Stephen  Paget  famously  stated  in  his 
‘seed  and  soil’  theory  that  tumor  cells  seek  a  specific 
accommodating  location  to  survive  outside  of  the  primary 
lesion.2  That  is,  a  hospitable  microenvironment  in  the  potential 
metastatic  site  selectively  affects  the  dissemination  route  of 
DTCs.  Consistent  with  this  notion,  recent  studies  have  revealed 
that  the  communication  between  DTCs  and  the  distant 
microenvironment,  or  ‘metastatic  niche’,  is  crucial  for  the 
progression  of  DTCs.3-5  A  better  understanding  of  the  tumor- 
supportive  aspects  of  this  interaction  is  clearly  needed  for  the 
development  of  more  effective  metastatic  disease  treatments. 

Bone,  or  bone  marrow,  is  a  major  target  organ  for  metastasis, 
evidently  providing  a  fertile  ‘soil’  for  DTCs.  Prostate  and  breast 
cancers  are  particularly  well  known  to  metastasize  to  the  bone. 
Bone  marrow  contains  various  cell  types,  including  cells  of 


hematopoietic  origin  and  cells  involved  in  bone  formation  and 
remodeling.  One  major  function  of  the  marrow  is  to  regulate 
hematopoiesis.  In  the  marrow,  osteoblasts,6-8  endothelial 
cells,9,10  nerve  cells,11,12  adipocytes,13  CXCL12-abundant 
reticular  (CAR)  cells14  and  mesenchymal  stem  cells15,16  col¬ 
lectively  serve  as  a  specific  ‘niche’  for  hematopoietic  stem  cells 
(HSCs),  maintaining  the  functions  of  HSCs  including  homing, 
self-renewal,  quiescence  and  differentiation.17-19 

It  is  now  known  that  malignant  cells  that  disseminate  to  and 
develop  in  the  bone  marrow  do  so  by  hijacking  the  bone  marrow 
niche.20  In  fact,  prostate  and  breast  cancer  both  home  to  the 
marrow  using  mechanisms  similar  to  HSC  homing  21 ,22  Not  only 
are  the  DTCs  supported  by  their  chosen  niche,  but  they  can  also 
instigate  niche  changes  that  preferentially  cater  to  malignant 
cells.  Indeed,  myeloproliferative  neoplasms  remodel  the  normal 
osteoblastic  HSC  niche  into  a  malignant  niche  that  impairs 
normal  hematopoiesis.23  Thus,  studying  the  cross  talk  between 
malignancy  and  the  bone  marrow  microenvironment  has 
rightfully  become  an  area  of  great  interest.  However,  detailed 
mechanisms  underlying  these  interactions  remain  largely 
unknown.  In  this  review,  we  will  explore  what  is  currently  known 
about  DTC-mediated  bone  marrow  niche  conversion  and  also 
suggest  future  directions  for  ‘metastatic  niche’  research. 

The  Metastatic  Niche  in  the  Marrow 

Bone  marrow  is  a  very  heterogeneous  organ,  containing  cells 
of  hematopoietic  origin  (HSCs,  osteoclasts,  macrophages, 
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lymphocyte  and  so  on),  mesenchymal  origin  (mesenchymal 
stem  cells  (MSCs),  osteoblasts,  adipocytes  and  so  on), 
endothelial  cells  and  nerve  cells.  Osteoblasts,  adipocytes, 
endothelial  cells  and  nerve  cells  are  well  studied  as  the  specific 
microenvironment,  or  niche,  for  HSCs.  Osteoblasts  and 
osteoclasts  are  also  involved  in  bone  remodeling  directly  or 
indirectly  by  interacting  with  HSCs.  The  cells  in  the  marrow 
interact  to  support  their  unique  functions  and  maintain  bone 
structure.  Recent  studies  have  revealed  that  DTCs  from  primary 
tumors  commandeer  this  supportive  microenvironment, 
suggesting  that  DTCs  may  adapt  to  and  alter  a  pre-existing 
niche  (the  £HSC  niche’)  to  survive  and  grow  as  full-blown 
metastases  (the  ‘metastatic  niche’). 

Mesenchymal  stem  Cells 

It  has  long  been  demonstrated  that  prostate  and  breast  cancers 
have  the  potential  to  assume  many  properties  indicative  of 
osteoblast  lineage  cells.24-26  This  capacity  for  osteomimicry  is 
thought  to  be  a  key  feature  of  its  bone  metastatic  potential. 
More  recently,  the  differentiation  potential  of  prostate  cancer 
cells  to  assume  an  adipocyte  lineage  phenotype  was 
revealed  27  Human  prostate  cancer  cell  lines  PC3  and  DU145 
reversibly  differentiate  into  an  adipocyte-like  phenotype  in  vitro 
under  adipogenic  induction  conditions,  leading  to  growth  arrest 
and  apoptosis.27  Similarly,  human  prostate  cancer  bone 
metastatic  tissue  microarray  (TMA)  samples  exhibit  a  brown  fat- 
specific  marker,  UCP1 ,  suggesting  that  prostate  cancer  cells 
may  also  differentiate  into  an  adipocyte  phenotype  in  vivo.27  As 
the  differentiation  potential  of  prostate  cancer  is  likened  to  that 
of  MSCs  27  it  is  also  possible  that  disseminated  prostate  cancer 
acquires  an  MSC-like  phenotype  to  colonize  the  bone  marrow. 

In  the  bone  marrow,  MSCs  may  also  be  involved  in  estab¬ 
lishing  tumor  dormancy.  When  the  bone  metastatic  clone  of 
human  breast  cancer  cell  line  MDA-BM-231 -BM2  is  cocultured 
with  human  MSC  line  R14,  the  proliferation  and  migration 
of  MDA-BM-231 -BM2  cells  are  reduced,  evidently  by 
R14-derived  exosomes.28  The  mechanism  behind  this 
transition  is  the  high  expression  of  microRNA  mir-23b  in  the 
exosomes,  which  causes  suppression  of  the  MARCKS  gene 
and  subsequently  its  encoded  protein,  myristoylated  alanine- 
rich  C  kinase  substrate.  As  expected,  exosome-treated  or 
miR-23b-overexpressing  MDA-BM-231 -BM2  cells  both  exhibit 
dormancy  in  mice.28 

It  has  been  demonstrated  that  bone  marrow-derived  MSCs 
are  capable  of  transforming  into  cancer-associated  fibroblasts 
(CAFs)  within  the  primary  tumor 29,30  whereupon  CAFs  promote 
lung  metastases  of  human  breast  cancer  cell  line  MDA-MB-231 
through  the  Chemokine  (C-C  motif)  ligand  5  (CCL5)/  C-C 
chemokine  receptor  type  5  (CCR5)  axis  29  and  bone  metastases 
of  murine  prostate  cancer  cell  line  RM-1  through  the  chemokine 
(C-X-C  motif)  ligand  16  (CXCL16)/  C-X-C  chemokine  receptor 
type  6  (CXCR6)  axis.30  In  fact,  MSC-derived  CAFs  may  select 
for  Src  hyperactive,  bone  metastatic  and  triple  negative  breast 
cancer.31  Specifically,  CAF  expression  of  CXCL12  and  insulin¬ 
like  growth  factor-1  (IGF-1)  was  shown  to  strongly  activate  Src 
(PI3K-Akt  pathway)  in  the  triple  negative  human  breast  cancer 
cell  lines  MDA-MB-231  and  CN34,  which  resulted  in  bone 
metastatic  phenotype  enrichment.31  The  bone  metastases  of 
Src  hyperactive  MDA-MB-231  and  CN34  cells  were  prevented, 
however,  when  tumor-bearing  mice  were  treated  with  AMD31 00 
and  BMS754807,  which  are  inhibitors  of  the  receptors  for 


CXCL12  and  IGF-1  (CXCR4  and  IGF1R),  respectively.31  These 
findings  suggest  that  MSC-derived  CAFs  may  have  a  crucial 
role  in  the  initiation  step  of  bone  metastasis. 

Adipocytes 

Metabolic  dysfunctions  associated  with  obesity  and  aging  are 
often  recognized  as  risk  factors  for  cancer  progression.  The 
marrows  of  these  patients  contain  large  numbers  of  adipocytes. 
Adipocytes  are  known  to  be  involved  in  tumor  progression  and 
metastasis,32,33  which  may  be  partly  owing  to  their  negative 
effects  on  hematopoiesis;13  however,  little  is  known  regarding 
the  specific  roles  that  these  cells  have  in  the  metastatic  process. 
A  recent  study  demonstrated  that  marrow  adipocytes  support 
bone  metastasis  of  prostate  cancer,34  as  more  PC3  cells,  a 
prostate  cancer  cell  line,  grew  in  the  bone  marrow  of  animals 
receiving  a  high-fat  diet  than  in  that  of  animals  on  a  regular 
diet.34  Conditioned  medium  (CM)  from  adipocyte  lineage 
cultures  were  obtained  from  differentiated  mouse  bone  marrow 
stromal  cells  and  found  to  increase  gene  expression  of  fatty  acid 
binding  protein  4  (FABP4),  interleukin  (IL)-1(3  and  heme 
oxygenase  (decycling)  1  (HMOX-1)  in  PC3  cells  in  vitro ; 
however,  this  could  be  stopped  by  PPAR  y  inhibitors.34  In 
addition,  this  CM  enhanced  the  proliferation  and  invasion  of 
PC3  cells  in  vitro,  whereas  inhibitors  of  FABP4  and  IL-1(3 
prevented  invasion.34  Interestingly,  in  an  in  vivo  study,  the 
increase  of  FABP4,  IL-1  and  HMOX-1  genes  was  observed 
in  tumors  within  the  marrow,  but  not  in  tumors  grown  sub¬ 
cutaneously 34  Consistent  with  this,  high  levels  of  FABP4 
expression  are  observed  in  human  bone  metastatic  tumors  near 
adipocytes.34  Of  added  interest,  aside  from  metabolic 
dysfunction,  daily  dietary  intake  may  also  alter  the  effects  of 
adipocytes  on  metastatic  niche  development.  Arachidonic 
acid,  a  polyunsaturated  omega-6  fatty  acid,  stimulates  adi- 
pogenesis  of  human  primary  bone  marrow  stromal  cells.35 
When  PC3  cells  are  cocultured  with  adipocytes,  the  uptake  of 
arachidonic  acid  by  PC3  cells  is  increased.35  Simultaneously, 
arachidonic  acid  induces  the  migration  of  PC3  cells  toward 
adipocytes,  suggesting  that  high  levels  of  arachidonic  acid 
intake  may  facilitate  prostate  cancer  bone  metastasis.35 

Osteoblasts 

Although  the  unique  cell  types  of  the  HSC  niche  in  the  marrow 
remain  controversial,18,19  osteoblasts  have  been  well  studied 
as  the  ‘niche’  for  HSCs,6-8,17  and  our  recent  studies  using 
animal  xenograft  models  have  revealed  that  bone  metastatic 
prostate  cancer  cells  target  this  same  niche  during  dis¬ 
semination.36  When  prostate  cancer  cell  lines  (PC3  and  C4-2B) 
reach  the  bone  marrow,  they  prevent  the  engraftment  of 
transplanted  HSCs,  suggesting  that  disseminated  prostate 
cancer  cells  compete  with  HSCs  for  occupancy  of  the  HSC 
niche.36  This  observation  is  confirmed  when  the  niche  sizes  are 
manipulated:  more  dissemination  is  observed  in  animals  that 
have  more  niches,  and  vice  versa.36  In  addition,  more  tumor 
cells  disseminate  into  the  niche  when  this  niche  is  vacated  by 
stem  cell  mobilizing  drugs  (for  example,  granulocyte-colony 
stimulating  factor  (G-CSF)  or  CXCR4  inhibitor  AMD31 00). 36  As  a 
result  of  this  competition  for  the  niche,  disseminated  prostate 
cancer  cells  displace  HSCs  from  the  marrow  and  induce  the 
differentiation  of  HSCs  into  hematopoietic  progenitor  cells 
(HPCs).36  Correspondingly,  more  HPCs  are  found  in  peripheral 
blood  obtained  from  prostate  cancer  patients  with  bone 
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metastases  compared  with  healthy  controls  or  patients  with 
local  prostate  cancer.36 

Once  DTCs  establish  residency  in  the  niche,  they  frequently 
become  dormant,  probably  in  part  through  cell-to-cell  contact 
with  the  niche.  For  example,  when  osteoblasts  are  cocultured 
with  prostate  cancer  cell  line,  PC3  cells,  the  secretion  of  growth 
arrest-specific  6  (GAS6)  by  the  osteoblasts  is  significantly 
enhanced.37  Interestingly,  GAS6  inhibits  the  proliferation  of  PC3 
cells,  while  preventing  apoptosis.37  In  addition,  when  PC3  cells 
are  inoculated  into  murine  skeletal  tissues,  the  expression  of 
Axl,  one  of  three  receptors  (Axl,  Tyro3,  Mer)  for  GAS6,  is 
markedly  increased.37  Along  with  this  notion,  in  mice  inoculated 
with  prostate  cancer  cells,  tumor  growth  is  mainly  observed  in 
bones  expressing  low  levels  of  GAS6  (forelimb),  whereas 
tumors  rarely  grow  in  bones  expressing  abundant  GAS6 
(hindlimb).38  Moreover,  PC3  and  DU145  cells,  which  are 
proliferating  in  the  bones,  express  relatively  low  levels  of  Axl, 
compared  with  when  they  are  in  a  dormant  state.39  These 
findings  suggest  that  the  osteoblastic  niche  controls  dormancy 
of  disseminated  prostate  cancer  through  a  GAS6/Axl  axis. 

Hematopoietic  Stem  Cells 

In  the  marrow,  HSCs  reside  in  their  niche  to  maintain  their 
phenotype;  however,  HSCs  are  not  only  influenced  by  the  niche, 
but  they  are  also  active  in  the  actual  development  of  the  niche.40 
Similarly,  DTCs  are  involved  in  the  development  of  a  malignant 
niche,  indirectly  using  HSCs.  When  HPCs,  but  not  HSCs, 
obtained  from  the  bone  marrow  of  mice  inoculated  with 
osteoblastic  prostate  cancer  cell  line  C4-2B  cells  are  cocultured 
with  murine  bone  marrow  stromal  cells,  the  osteoblastic  dif¬ 
ferentiation  of  the  bone  marrow  stromal  cells  is  stimulated.41 
These  HPCs  express  high  levels  of  bone  morphogenetic 
proteins  (BMP)-2  and  -6,  and  the  osteoblastogenesis  induced 
by  C4-2B-bearing  HPCs  is  inhibited  by  pan  BMP  inhibitor 
Noggin.41  In  contrast,  HSCs  isolated  from  the  marrow  of  mice 
inoculated  with  osteolytic  prostate  cancer  cell  line  PC3  express 
high  levels  of  IL-6,  and  they  differentiate  into  osteoclasts  under 
the  induction  of  macrophage  colony-stimulating  factor  (M-CSF) 
and  receptor  activator  of  nuclear  factor  kappa-B  ligand 
(RANKL).41  This  osteoclastogenesis  is  prevented  by  anti-IL-6 
antibody  treatment.41  These  findings  suggest  that  targeting 
HSCs  or  HPCs  may  be  a  potential  therapy  for  bone  metastatic 
disease. 

Osteoclasts 

Bone  resorption,  one  of  the  key  features  of  bone  metastasis,  is 
mediated  by  DTCs  inducing  the  formation  and  activation  of 
osteoclasts.42  Therefore,  targeting  osteoclastogenesis  with 
bisphosphonates43  or  the  RANKL  inhibitor  denosumab44  is  a 
treatment  strategy  used  in  bone  metastatic  disease.  Human 
breast  cancer  coexpresses  high  levels  of  metalloproteinase 
(MMP)-13  and  its  activator  MT1-MMP  in  bone  metastatic 
lesions  45  The  bone  metastatic  breast  cancer  cell  line  MDA-MB- 
231  expresses  higher  levels  of  MMP-1 3  than  the  less  aggressive 
cell  line  MCF-7,  and  the  MMP-1 3  expression  in  MDA-MB-231 
cells  is  enhanced  by  IL-8  and  parathyroid  hormone-related 
protein  (PTHrP)  treatments.45  CM  obtained  from  IL-8-  or 
PTHrP-treated  MDA-MB-231  cells  increases  tartrate-resistant 
acid  phosphatase  (TRAP)-positive  osteoclastic  differentiation 
and  the  bone  resorptive  ability  of  human  preosteoclasts.  Yet  this 
osteoclastogenesis  is  inhibited  by  the  pan-MMP  inhibitor 


GM6001,  and  partially  by  the  MMP-1 3-specific  inhibitor 
CL-82197  or  MMP-1 3  knockdown  in  cancer  cells  using 
shRNA.45  MMP-1 3-induced  osteoclastogenesis  may  be 
explained  in  part  by  the  activation  of  pro-MMP-9  and  cleavage 
of  an  osteoclastogenesis  suppressor  galectin-3.45  When 
shMMP-13  MDA-MB-231  cells  are  implanted  into  the  bones  of 
mice,  bone  resorption  and  osteoclastogenesis  are  reduced 
when  compared  with  control,  although  there  are  no  significant 
differences  in  tumor  size  45  When  murine  breast  cancer  cell  line 
CI66  cells  are  implanted  into  the  subcutaneous  spaces  of  mice 
near  the  calvarial  bone,  MMP-1 3,  MMP-9,  transforming  growth 
factor  (TGF)-|3  and  phosphorylated  Smad2  are  expressed 
greater  in  the  area  where  tumor  interfaces  with  bone  (TB 
interface),  compared  with  areas  of  tumor  alone.46  It  is  in  this  TB 
interface  where  larger  numbers  of  osteoclasts  and  bone 
resorption  areas  are  found.46  In  addition,  osteoclast  number, 
osteolytic  lesion  frequency  and  MMP-1 3  expression  at  the  TB 
interface  are  all  significantly  reduced  when  mice  are  treated  with 
MMP-1 3  antisense  oligonucleotides.46  Furthermore,  MMP-1 3 
antisense  oligonucleotide  treatments  also  impair  the  expres¬ 
sion  of  MMP-9,  TGF-p  and  phosphorylated  Smad2  in  the  TB 
interface.46  Increased  expression  of  placental  growth  factor 
(PIGF)  is  observed  when  MDA-MB-231  cells  reach  the  marrow, 
and  PIGF  induces  migration  of  MDA-MB-231  cells  via  the  ERK 
pathway.47  Anti-murine  PIGF  antibody  5D11D4  treatments 
prevent  metastasis  to  bone  and  bone  resorption  in  mice 
inoculated  with  either  MDA-MB-231  cells  or  murine  melanoma 
cell  line  B16/F10  cells.47  5D11D4  treatment  inhibits  osteo¬ 
clastogenesis  by  reducing  RANKL  expression  in  murine  bone 
marrow  cells  without  affecting  angiogenesis.47  Heptapeptide 
hormone  angiotensin-(1-7)  (Ang-(1-7))  decreases  the  secretion 
of  vascular  endothelial  growth  factor  (VEGF)  and  PIGF  from  PC3 
and  DU145  prostate  cancer  cells,  and  it  prevents  cancer  cell 
proliferation  and  migration,  inhibiting  bone  metastasis  and 
osteoclastogenesis.48 

Although  some  recent  studies  caution  against  the  paradigm 
of  a  purely  hypoxic  niche,10,19  bone  marrow  has  long  been 
thought  to  be  a  hypoxic  environment.  When  treated  with  TGF-(3 
under  hypoxic  conditions,  the  breast  cancer  cell  line  MDA-MB- 
231  increases  the  expression  of  angiogenesis  factor  VEGF  and 
homing  receptor  CXCR4  through  hypoxia-inducible  factor 
(HIF)-la.49  This  effect  may  be  via  the  cyclooxygenase-2 
(COX-2)  signaling  pathway,  as  bone  metastatic  clone  1833 
MDA-MB-231  cells  enhance  COX-2  expression  under  hypoxia 
and  TGF-p  treatment.50  When  the  TGF-p  pathway  and  HIF-1a 
are  knocked  down  in  MDA-MB-231  cells,  tumor  growth  and 
osteolytic  lesions  in  tumor-inoculated  mice  are  diminished.49 
Moreover,  when  parental  MDA-MB-231  cell-bearing  mice  are 
treated  with  HIF-1  a  inhibitor  2ME2  and/or  TGF-p  type  I  kinase 
inhibitor  SD-208,  which  is  also  known  to  inhibit  melanoma  bone 
metastasis,51  2ME2  and  SD-208  synergistically  prevent  bone 
metastasis  and  inhibit  osteoclastogoenesis,  all  while  enhancing 
osteoblastogenesis.49  Furthermore,  TGF-p-induced  factor  2 
(Tgif2)  induces  osteoclastogenesis  owing  to  the  down- 
regulation  of  microRNA  miR-34a  expression  in  osteoclasts.52 
Consequently,  when  mice  were  treated  with  miR-34a-carrying 
chitosan  nanoparticles,  the  blockage  of  osteoclastgenesis 
prevented  bone  metastasis  of  human  breast  cancer  cell  line 
MDA231 -BoM-1 833  and  B16/F10,  whereas  more  metastases 
of  these  cell  lines  were  observed  in  bones  of  miR-34a- 
knouckout  (KO)  mice.52  These  findings  suggest  that  the  bone 
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resorption  mediated  by  the  interaction  between  DTCs  and 
osteoclasts  is  a  key  step  for  establishing  bone  metastasis. 

Macrophages 

Macrophages  are  hematopoietic  cells  that  are  well  known  to  be 
involved  in  tumor  progression  and  metastasis  through  the 
expression  of  inflammatory  cytokines  and  proteases,  especially 
in  primary  tumor  sites.53  These  macrophages  are  referred  to  as 
tumor-associated  macrophages  (TAMs).  Two  types  of  mac¬ 
rophages  are  known  to  exist:  Ml  tumor-inhibiting  macrophages 
and  M2  tumor-initiating  macrophages  (known  as  TAMs). 
Macrophages  are  frequently  found  in  the  marrow,  where  they 
help  establish  a  favorable  tumor  microenvironment.  For 
example,  the  cysteine  protease  cathepsin  K  (CTSK)  is  one  of  the 
proteases  that  osteoclasts  and  macrophages  secrete  in  the 
marrow.  When  PC3  cells  are  implanted  directly  into  the  bone 
marrow  of  CTSK-KO  mice,  less  growth  is  observed  compared 
with  wild-type  mice.54  However,  there  are  no  significant  dif¬ 
ferences  in  the  growth  of  subcutaneously  implanted  tumors 
between  CTSK-KO  and  wild-type  mice.54  Compared  with  wild 
type,  CTSK-KO  mice  have  fewer,  less  invasive  macrophages 
and  more  osteoclasts,  but  functionally  less  bone  resorption.54 
When  normal  macrophages  directly  interact  with  tumor  cells, 
expression  of  inflammatory  factors  COX-2  and  CCL2  is 
increased.  However,  macrophages  from  CTSK-KO  mice 
decrease  the  expression  of  COX-2  (a  22-fold  decrease)  and 
CCL2  (a  1 7-fold  decrease).54  Therefore,  it  appears  that  marrow 
macrophages  positively  control  tumor  progression  through  the 
CTSK/COX-2/CCL2  pathway. 

Marrow  macrophages  may  promote  metastatic  growth  by 
suppressing  tumor-induced  inflammation.  When  mouse  bone 
marrow  macrophages  (F4/80+)  are  cocultured  with  apoptotic 
mouse  prostate  cancer  RM-1  cells,  macrophages  show  more 
phagocytosis  of  apoptotic  tumor  cells  (specifically  termed 
efferocytosis)  than  nonapoptotic  tumor  cells,  through  the 
STAT3/SOCS3  pathway,  by  increasing  the  expression  of  a 
phagocytosis  promoter,  milk  fat  globule-EGF  factor  8 
(MFG-E8).55  Consistent  with  this,  high  levels  of  MFG-E8  were 
found  colocalized  with  macrophages  in  human  prostate  TMA 
samples.55  In  addition,  these  macrophages  enhance  the 
secretion  of  M2  macrophage-related  proteins,  IL-6,  CCL2  and 
CCL1 ,  and  increase  the  expression  of  M2  macrophage-related 
genes,  IL-10,  TGF-bl,  Ym-1  and  arginase  1,  suggesting  that 
MFG-E8-mediated  efferocytosis  promotes  M2  polarization  of 
macrophages.55 

In  contrast,  myeloid-derived  suppressor  cells  (MDSCs), 
which  are  progenitors  of  macrophages  and  osteoclasts,  can 
induce  tumor  growth  by  differentiating  into  osteoclasts.  MDSCs 
(CD11b  +  Gr-1  +)  obtained  from  the  bone  marrow  of  mice  with 
murine  breast  cancer  cell  line  4T1  bone  metastases 
(MDSCs +  bone  me,s)  differentiate  into  TRAP-positive,  bone 
resorptive  osteoclasts  in  vitro  and  express  CTSK,  carbonic 
anhydrase-2,  MMP-9  and  NO.56  However,  MDSCs  from  the 
bone  marrow  of  mice  without  bone  metastases,  regardless  of 
other  metastatic  sites  (lung,  lymph  node,  spleen  or  blood),  do 
not  differentiate  into  osteoclasts,  suggesting  that  the  osteoclast 
differentiation  of  MDSCs  is  unique  to  the  bone  metastatic 
environment.56  In  addition,  when  MDSCs +  bone  mets  are 
transplanted,  osteoclast  differentiation  of  MDSCs  +  bone  mets 
and  bone  distraction  are  observed  in  recipient  mice.56  Inter¬ 
estingly,  both  in  vitro  and  in  vivo  osteoclastogenesis  mediated 


by  MDSCs +  bone  mets  are  inhibited  by  blocking  NO.56  The  high 
NO  production  in  MDSCs  +  bone  mets  enhances  HIF-loc 
expression  through  the  PIK3  or  ERK  pathway.56 

Lymphoid  Cells 

Bone  marrow  is  also  a  lymphoid  organ.  There  are  many 
subclasses  of  T  cells,  some  of  which  home  to  the  marrow  and 
support  tumor  progression.  For  example,  an  increased  number 
of  CD4  +  Foxp3+  regulatory  T  (Treg)  cells  can  be  found  in  the 
bone  marrow  of  prostate  cancer  patients  with  bone  metastases 
compared  with  prostate  cancer  patients  with  local  disease  or 
healthy  controls.57  Treg  cells  express  high  levels  of  homing 
receptor  CXCR4,  and  treatment  with  an  anti-CXCR4  antibody 
inhibits  the  migration  of  Treg  cells  to  CXCL1 2-expressing  bone 
marrow  fluid  obtained  from  prostate  cancer  patients  with  bone 
metastases,  suggesting  that  Treg  cells  home  to  bone  marrow 
through  the  CXCR4/CXCL12  axis.57  These  Treg  cells  can 
interfere  with  the  immune  response  by  preventing  T-cell  pro¬ 
liferation,  decreasing  the  expression  of  interferon  (IFN)-y  and 
IL-2  production  and  by  suppressing  osteoclastogenesis 
through  activation  by  RANK+  dendritic  cells.57  When  Treg  cells 
are  co-inoculated  with  murine  prostate  cancer  cells  (RM1) 
into  mice,  less  osteolytic  metastases  are  observed  owing  to 
T-cell-mediated  suppression  of  osteoclastogenesis.57  In 
contrast,  when  Treg  cells  are  depleted  from  these  tumor¬ 
bearing  animals,  bone  densities  in  the  animals  are  reduced.57 
This  suggests  that  Treg  cells  act  within  the  metastatic  niche  in 
an  immunosuppressive  manner. 

Similarly,  when  murine  melanoma  cell  line  B1 6  is  injected  into 
PLCy2-KO  mice,  which  have  reduced  myeloid  cell  function  and 
numbers  of  osteoclasts,  the  bone  tumor  burden  is  significantly 
increased  compared  with  wild-type  mice.58  When  B1 6  cells  are 
inoculated  into  wild-type  mice  transplanted  with  bone  marrow 
cells  from  PLCy2-KO  mice,  similar  tumor  growth  is  observed, 
further  implicating  myeloid  cells  with  tumor  growth  in  the 
bone.58  In  contrast,  when  the  experiments  are  repeated  using 
Lyn-KO  mice  in  which  the  number  of  osteoclasts  and  myeloid 
cell  function  are  enhanced,  the  growth  of  B1 6  cells  in  the  bone  is 
inhibited.58  Interestingly,  tumor  growth  in  the  marrow  is 
impaired  when  the  function  of  CD8+  T  cells  is  enhanced  in 
tumor-bearing  mice,  whereas  inoculated  tumor  grows  in  the 
marrow  when  CD8+  T  cells  are  diminished.58  In  addition,  the 
inhibitive  effects  of  zoledronic  acid  (ZA)  on  tumor  growth  are 
prevented  in  the  CD8  +  T cell-deficient  condition.58  Importantly, 
when  CD8+  T cells  are  supplemented  into  PLCy2-KO  mice  or 
when  CD8+  T  cells  are  depleted  from  Lyn-KO  mice,  tumor 
growth  in  bone  is  normalized.58  These  findings  suggest  that 
CD8+  T  cells  have  important  roles  in  tumor  growth  in  the 
marrow  independent  of  osteoclast  condition. 

When  mice  are  inoculated  with  metastatic  murine  breast 
cancer  cell  line  4T1,  more  systemic  bone  loss  is  observed 
compared  with  mice  inoculated  with  non-metastatic  cell  line 
67NR.59  Accordingly,  more  pro-osteoclastic  cytokines  (IL-1(3, 
IL-6,  IL-17F,  RANKL,  tumor  necrosis  factor  (TNF)-a)  but  less 
osteoprotegerin  (OPG),  a  decoy  receptor  for  RANKL,  are  found 
in  the  serum  obtained  from  4T 1  -bearing  animals.59  Interestingly, 
production  of  these  cytokines  parallels  what  is  seen  during 
tumor  dissemination.  When  CD3+  T  cells  are  isolated  from 
4T1-  or  67NR-bearing  mice  and  transplanted  into  nude  mice, 
bone  loss  is  observed  only  in  recipients  of  T  cells  derived  from 
4T 1  -bearing  donors,  and  this  is  reversed  by  inhibiting  RANKL  in 
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Figure  1  Development  of  the  ‘metastatic  niche’  by  the  interaction  of  disseminated 
tumor  cells  with  the  bone  marrow  microenvironment.  Growing  evidence  supports  the 
idea  that  tumor  cell  behavior  is  dependent  on  the  surrounding  microenvironment.  This 
suggests  that  the  microenvironment  in  distant  tissues,  such  as  bone,  is  essential  for 
disseminated  tumor  cell  (DTC)  survival  and  metastatic  growth.  However,  DTCs  are  not 
passive  in  the  marrow— they  also  put  pressure  on  their  surroundings  to  create  a  more 
advantageous  microenvironment  (metastatic  niche).  Top  left:  bone  marrow  contains 
many  cell  types  that  directly  influence  one  another  and  DTC  fate.  Hematopoietic  stem 
cells  (HSCs)  can  differentiate  into  macrophages,  osteoclasts  (OCs),  T  cells  and  other 
lymphocytes,  whereas  mesenchymal  stem  cells  (MSCs)  differentiate  into  adipocytes 
(A),  osteoblasts  (OB)  and  fibroblasts  (white  arrows).  All  of  these  cell  types  make  up  the 
deadly  ‘metastatic  niche.’  Top  right:  once  in  the  marrow,  DTCs  home  to  where  HSCs 
and  OBs  reside,  or  the  ‘HSC  niche’  (blue  arrows).  Bottom  left:  DTCs  are  kept  dormant  in 
the  HSC  niche  through  OB  bone  formation  and  regulatory  T-cell  (Treg)  inhibition  of 
osteoclastogenesis.  In  addition,  endothelial  cells  that  line  the  vasculature  also  help 
regulate  circulating  tumor  cell  (CTC)  and  DTC  dormancy.  Bottom  right:  DTCs  can  be 
allowed  to  grow  with  help  from  MSC-derived  cancer  associated  fibroblasts  (CAFs)  and 
HSC-derived  tumor-associated  macrophages  (TAMs),  adipocytes  and  OC  bone 
resorption.  Nerve  cells  (NCs)  also  participate  in  the  progression  of  DTCs. 

the  T  cells  before  transplantation,  but  not  with  inhibition  of 
IL-17F.59  When  4T1  cells  are  implanted  into  control  or  RANKL- 
knockdown  T-cell-transplanted  mice,  95%  of  lymph  node 
metastases  and  1 00%  of  bone  metastases  are  eliminated  in  the 
RANKL-knockdown  T-cell-transplanted  mice.59  These  findings 
suggest  that  bone  metastatic  cancer  recruits  T  cells  to  the 
marrow  to  facilitate  future  bone  metastasis  by  regulating 
osteoclastogenesis. 

Endothelial  Cells 

During  dissemination,  cancer  cells  have  constant  contact  with 
endothelial  cells  or  pericytes,  as  DTCs  must  intravasate  into  and 
extravasate  out  of  the  blood  stream  to  reach  the  secondary  site. 
When  the  orthotopic  injection  of  highly  metastatic  breast 
cancer  cell  line  MDA-MB-231  cells  or  intracardiac  injection  of 
weakly  metastatic  line  T4-2  cells  into  mice  was  performed, 
Ki67-negative  dormant  cells  were  observed  near  the 
thrombospondin-1  (TSP-l)-expressing  perivascular  niche  in 
the  lung  and  bone  marrow.4  Furthermore,  a  dormant  population 
is  maintained  when  cancer  cells  are  cocultured  with  the  mixture 
of  MSCs  and  primary  human  umbilical  vein  endothelial  cells 


(HUVECs),  whereas  coculture  with  MSCs  alone  does  not.4  The 
dormancy  supportive  effects  of  endothelial  cells  are  canceled 
with  an  anti-TSP-1  antibody.4  In  vivo  mouse  and  zebrafish 
models  revealed  that  sprouting  neovascular  tips  facilitate  tumor 
growth,  whereas  dormant  cancer  cells  are  associated  with  the 
stable  microvasculature,  and  in  vitro  culture  studies  demon¬ 
strated  that  this  might  be  owing  to  the  the  high  levels  of  TGF-pl 
and  periostin  (POSTN)  expressed  by  the  sprouting  endothelial 
tip  cells.4  These  findings  suggest  that  endothelial  cells  or 
pericytes  serve  as  a  potential  metastatic  niche  that  regulates 
tumor  dormancy. 

Nerve  cells 

It  is  accepted  that  the  nervous  system  is  also  involved  in  tumor 
progression  and  metastasis.  When  PC3  cells  are  orthotopically 
implanted  into  immunocompromised  mice,  the  development  of 
nerves  within  the  primary  tumor  is  observed.60  Chemical 
(6-hydroxydopamine,  60HDA)  or  surgical  denervation  prevents 
development  of  the  primary  tumor  and  metastasis.60  Moreover, 
when  p2-  and  (33-adrenergic  receptors  are  knocked  down  in 
mice,  both  primary  tumor  development  and  dissemination  of 
PC3  and  LNCaP  cells  are  significantly  impaired.60  When 
sympathetic  nerve  ablation  is  initiated  at  a  young  age,  tumor 
progression  is  inhibited  in  a  spontaneous  model  of  prostate 
cancer  in  which  c-Myc  is  highly  expressed  in  the  prostate.60 
Interestingly,  when  cholinergic  receptor  muscarinic  1  (Chrml) 
is  chemically  upregulated  with  carbamoylcholine  chloride 
(carbachol),  tumor  dissemination  to  lymph  node  and  bone  is 
increased  in  both  xenograft  and  spontaneous  prostate  cancer 
models,  whereas  if  Chrml  is  blocked  by  a  nonselective 
muscarinic  antagonist,  scopolamine,  or  is  genetically  ablated, 
tumor  dissemination  is  inhibited,  resulting  in  longer  survival.60 
More  importantly,  the  density  of  nerve  fibers  in  the  primary 
tumor  is  correlated  with  the  clinical  progression  of  human 
prostate  cancer.60 

Conclusions 

Once  cancer  cells  spread  to  distant  organs  such  as  bone, 
survival  rates  of  cancer  patients  drastically  decline.  Each  year, 
many  patients  who  had  been  predicted  to  be  cured  of  their 
cancer  by  surgery  or  radiation  therapy  present  with  incurable 
metastatic  disease  manifested  as  metastatic  lesions  in  the 
bone,  often  years  after  primary  treatment.  DTCs  derived  from 
epithelial  cancers,  including  prostate,  breast,  glioma  and 
gastrointestinal  cancer,  have  been  detected  in  the  bone 
marrow  61-64  The  presence  of  bone  marrow  DTCs  has  been 
correlated  with  a  poor  prognosis  65  as  DTCs  frequently  lead  to 
lethal  bone  metastases.66  This  progression  may  also  be 
environmentally  influenced  by  pressures  from  the  bone  marrow 
microenvironment,  or  the  ‘metastatic  niche’.  Although  the 
mechanisms  are  yet  to  be  defined,  it  is  generally  believed  that 
DTCs  can  become  overt  and  clinically  relevant  metastases63 
that  lead  to  disease  recurrence  even  after  treatment.67 
Therefore,  new  approaches  to  treat  bone  metastasis  are 
urgently  needed.  For  example,  HSC  mobilizing  drug  (for 
example,  G-CSF  and  AMD3100)  can  be  used  to  mobilize  the 
niche-engaged  dormant  DTCs  to  re-enter  the  cell  cycle.68 
Indeed,  AMD3100  enhances  the  susceptibility  to  chemo¬ 
therapy  of  acute  myeloid  leukemia69  and  multiple  myeloma.70 
Recent  clinical  trials  of  adjuvant  ZA  have  revealed  that,  when 
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DTCs  only  exist  in  the  bone  marrow  of  breast  cancer  patients, 
ZA  improved  disease-free  survival  and  overall  survival,  sug¬ 
gesting  that  ZA  interferes  with  the  interaction  of  DTCs  and  the 
niche.71 ,72  A  recent  study  using  xenograft  breast  cancer  mouse 
models  demonstrated  that  the  hormonal  status  of  the  bone 
marrow  microenvironment  also  influences  tumor  progression 
and  ZAtreatment  effects  on  bone  metastatic  disease.73  DTCs  in 
mice  given  ovariectomies  (OVX)  grew  better  than  those  in  sham- 
surgery-treated  mice.73  Moreover,  ZA  prevented  OVX-induced 
tumor  growth  in  the  marrow,  reflecting  that  antiresorptive 
therapy  may  be  beneficial  for  postmenopausal  breast  cancer 
patients.73  In  contrast,  ZA  did  not  affect  tumor  growth  in  the 
marrow  of  sham-operated  mice,  suggesting  that  adjuvant  ZA 
alone  may  not  be  a  sufficient  treatment  in  the  premenopausal 
breast  cancer  setting.73  Although  further  studies  are  clearly 
warranted,  targeting  the  metastatic  niche  may  be  a  promising 
treatment  strategy  for  bone  metastatic  disease. 

The  concept  that  DTCs  parasitize  the  harsh  bone  marrow 
microenvironment  to  grow  and  survive  (Figure  1)  is  better 
understood,  yet  it  remains  an  active  area  of  investigation  where 
some  critical  questions  remain  unanswered: 

1.  Do  DTCs  really  parasitize  the  HSC  niche? 

2.  Is  the  metastatic  niche  in  the  marrow  the  same  as  the  HSC 
niche? 

3.  Can  targeting  the  HSC  niche  serve  as  a  potential  therapy  for 
bone  metastatic  disease? 

4.  Is  it  realistic  to  target  a  single  cell  type  of  the  metastatic 
niche,  especially  in  the  marrow? 

5.  Do  all  cell  types  of  the  marrow  interact  to  form  the  metastatic 
niche  to  support  DTC  survival?  If  so,  how? 

6.  Does  the  metastatic  niche  control  the  chemoresistance  of 
DTCs  in  the  marrow? 

7.  How  does  the  marrow  metastatic  niche  influence  tumor 
dormancy  and  recurrence? 

8.  Do  the  metabolic  states  of  the  metastatic  niche  affect  the 
growth  of  DTCs? 

To  answer  these  questions,  we  must  continue  to  place 
importance  on  the  efforts  to  advance  our  understanding  and 
technological  capabilities,  while  developing  a  system  or 
database  to  share  new  ideas  and  information  with  other  experts 
in  this  field  worldwide.  Further  multi-institutional  research 
collaborations  are  absolutely  paramount. 

‘Why  does  cancer  recur  even  after  a  long  disease-free 
interval?’  This  is  a  crucial  question  to  answer  if  our  goal  is  to  cure 
cancer.  DTCs  shed  from  a  primary  tumor  may  lie  dormant  in 
distant  tissues  for  long  periods  of  time,  all  while  retaining  the 
potential  to  explode  into  metastatic  growth  with  help  from  the 
bone  marrow  microenvironment.  Therefore,  it  is  vital  to 
understand  the  interactions  between  DTCs  and  the  bone 
marrow  ‘metastatic  niche.’  This  review  focuses  on  the 
fundamental  mechanisms  behind  the  provocative  concept  that 
the  bone  marrow  microenvironment  has  a  supportive  role  in 
bone  metastasis.  Observations  discussed  here  are  relevant  to  a 
more  complete  understanding  of  how  this  microenvironment 
functions  in  establishing  DTCs,  and  what  circumstances  lead  to 
dormancy  and  reactivation  of  DTCs  in  the  marrow.  Ultimately,  it 
should  be  possible  to  develop  targeted  therapy  for  eradication 
of  currently  incurable  bone  metastatic  disease  by  developing  a 
deeper  understanding  of  the  cancer/niche  interaction. 
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Once  tumor  cells  metastasize  to  the  bone,  the  prognosis  for  prostate  cancer  patients  is  generally  very  poor.  The 
mechanisms  involved  in  bone  metastasis,  however,  remain  elusive,  because  of  lack  of  relevant  animal  models.  In  this 
manuscript,  we  describe  step-by-step  protocols  for  the  xenograft  mouse  models  that  are  currently  used  for  studying 
prostate  cancer  bone  metastasis.  The  different  routes  of  tumor  inoculation  (intraosseous,  intracardiac,  intravenous  and 
orthotopic)  presented  are  useful  for  exploring  the  biology  of  bone  metastasis. 
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Introduction 

Prostate  cancer  is  the  second  leading  cause  of  cancer  death  in 
men  in  the  US.  Because  of  the  recent  improvement  of  treatment 
strategies  for  localized  disease,  a  5-year  overall  survival  rate 
of  over  90%  has  been  achieved  in  prostate  cancer  patients 
(http://www.cancer.org/cancer/prostatecancer/detailedguide/ 
prostate-cancer-survival-rates).  Flowever,  once  cells  spread  to 
specific  secondary  organs  such  as  bone,  the  5-year  survival 
rate  of  prostate  cancer  patients  significantly  decreases  to  28% 
(http://www.cancer.org/cancer/prostatecancer/detailedguide/ 
prostate-cancer-survival-rates).  Aside  from  the  poor  prognosis, 
bone  metastasis  significantly  impairs  the  quality  of  life  of 
prostate  cancer  patients,  as  it  is  associated  with  myelophthisis, 
hypercalcemia,  bone  pain,  fracture  and/or  nerve  compression. 
Therefore,  there  is  an  urgent  need  to  understand  the  biology  of 
bone  metastasis  in  order  to  fight  against  this  complex  disease 
and  its  painful  consequences. 

Prostate  cancer  is  known  as  a  heterogeneous  tumor.1  For 
instance,  some  prostate  cancers,  when  they  disseminate  to  the 
bone,  present  both  osteolytic  and  osteoblastic  bone  lesions, 
although  bone  metastasis  from  prostate  cancer  is  classically 
classified  as  osteoblastic.  In  addition  to  tumor  heterogeneity, 
bone  marrow  also  contains  heterogeneous  populations, 
including  hematopoietic  lineage  cells  and  cells  regulating  bone 


remodeling.  The  interaction  between  these  bone  marrow 
cells  and  cancer  cells  is  thought  to  be  important  for  cancer 
progression.2  This  heterogeneous  and  complex  organization 
makes  revealing  the  mysterious  bone  metastatic  properties  of 
prostate  cancer  much  more  difficult. 

Metastasis  involves  multiple  steps.  First,  tumor  cells  induce 
neovascularization  (angiogenesis),  acquire  an  invasive 
phenotype  (epithelial  mesenchymal  transition),  invade 
surrounding  tissues  (invasion),  move  into  the  circulation  through 
the  basal  membrane  (intravasation),  travel  throughout  the  body 
(circulation),  and  then  adhere  to  a  specific  endothelium  and 
disseminate  into  a  secondary  organ  (extravasation).  Once 
there,  these  disseminated  tumor  cells  adapt  to  this  new 
environment  (colonization),  survive  for  a  long  time  without 
growing  (dormancy),  and  eventually  regrow  (metastatic  growth 
or  recurrence).  As  this  extremely  complicated  metastatic 
process  is  impossible  to  recreate  with  an  in  vitro  or  ex  vivo 
approach,  and  experiments  with  humans  are  not  reasonable, 
we  need  to  rely  on  a  pre-clinical  approach  with  animal  models  to 
study  bone  metastasis.  However,  to  date,  there  has  been  no 
ideal  animal  model  that  allows  us  to  follow  all  these  steps 
simultaneously. 

Recently,  in  vivo  xenograft  mouse  models  have  been 
developed  that  involve  intraosseous,  intracardiac,  intravenous 
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and  orthotopic  injections,  which  provide  a  means  to  better 
study  prostate  cancer  bone  metastasis.  In  this  manuscript,  we 
will  provide  details  of  the  methods  used  in  these  animal  models. 

Xenograft  mouse  models  for  studying  prostate  cancer  bone 
metastasis 

Murine  xenograft  models  are  commonly  used  for  experimental 
bone  metastasis.  Tumor  growth  in  marrow  is  achieved  through 
injection  of  human  cancer  cell  lines  via  different  routes. 

Preparation  before  prostate  cancer  cell  inoculation 

Preparation  of  prostate  cancer  cell  suspension 

Materials 

1 .  Prostate  cancer  cell  lines. 

2.  Tissue  culture  flasks  or  dishes. 

3.  Appropriate  antibiotics  (for  example,  penicillin- 
streptomycin). 

4.  Culture  medium  supplemented  with  10%  fetal  bovine 
serum  (FBS)  and  antibiotics. 

5.  0.05%  trypsin-EDTA. 

6.  Sterile  1  x  phosphate-buffered  saline  (PBS,  pH  =  7.2-7. 4). 

7.  70|im  cell  strainer. 

8.  15  ml  and  50  ml  sterile  conical  tubes. 

9.  0.4%  trypan  blue. 

10.  Hemacytometer  or  automated  cell  counter. 

1 1 .  Ca2  +  -free  and  Mg2  +  -free  Hanks’  Balanced  Salt  Solution 
with  Phenol  Red  Indicator  (HBSS). 


Procedures 

1 .  One  day  prior  to  inoculation,  passage  prostate  cancer  cells 
so  they  will  be  70-80%  confluent  on  the  day  of  the 
experiment.  This  ensures  that  cells  are  in  the  exponential 
growth  phase,  as  recommended  for  optimal  tumor  onset. 

*NOTE:  prepare  approximately  2-3  times  more  cells  than  you 

anticipate  needing. 

*NOTE:  slow  growing  cells  (for  example,  LNCaP,  LNCaP 

C4-2B,  VCaP)  may  need  to  be  passaged  3-4  days  earlier. 

2.  Trypsinize  the  cells,  quench  the  trypsin  activity  by  adding  a 
sufficient  volume  of  media  containing  FBS  and  wash  one  or 
two  times  with  1  x  PBS. 

3.  Filter  cells  through  a  70  |im  cell  strainer  to  exclude  large  cell 
aggregates. 

4.  Count  the  total  live  and  dead  cell  number  and  determine  the 
viability  of  the  cells  with  trypan  blue  by  using  hemacytometer 
or  automated  cell  counter. 

*NOTE:  the  viability  of  cells  should  be  ^90%  prior  to 

injection. 

5.  Centrifuge  the  cells  in  a  swinging  bucket  centrifuge  at 
1 00-400 g  for  3  min. 

6.  Carefully  remove  the  media  without  disturbing  the  cell  pellet. 

7.  Re-suspend  cells  in  an  appropriate  volume  of  HBSS. 


8.  Transport  cells  to  surgical  room  on  ice. 

9.  Draw  the  prepared  cell  suspensions  into  the  syringe  and 
push  out  any  air  bubbles  that  may  exist. 

*NOTE:  the  number  of  cells  for  injection  depends  on  the 
metastatic  ability  of  the  cell  line  and  the  experimental  model. 
Usually,  osteolytic  prostate  cancer  cells  require  fewer  cells  to 
grow  within  the  marrow  (for  example,  2500-50  000  cells), 
whereas  osteoinductive  prostate  cancer  cells  need  more  cells 
(for  example,  500  000  cells).  Recommended  cell  number  and 
injection  volume  for  different  inoculation  models  are  as  follows: 

•  Intraosseous  inoculation:  2500  cells— 5  x10s  cells  per 
5-10  |il. 

•  Intracardiac  inoculation:  1-5  x  105  cells  per  100|il. 

•  Intravenous  inoculation:  1-5  x  106 7  cells  per  1 00  jul. 

•  Orthotopic  inoculation:  1-5  x  104  cells  per  1 0  pil. 

*NOTE:  set  up  the  experiment  keeping  time  from  harvest  to 
injection  at  a  minimum,  to  assure  that  the  cells  stay  alive 
throughout  the  injection  process.  The  viability  of  cells  will 
decline  with  time.  At  the  end  of  an  injection  experiment,  the  cell 
viability  should  be  above  80%. 

Preparation  for  surgery 

Materials 

1.  Animals:  depending  on  the  prostate  cancer  cell  line  to  be 
inoculated,  immunodeficient  mice  (BALB/c  nu/nu,  CB17 
SCID)  are  used.  Animals  should  be  between  4  and  8  weeks  of 
age. 

2.  Isoflurane 

3.  Ketamine 

4.  Xylazine 

5.  Eye  ointment  (vitamin  A) 

6.  Shaver  or  chemical  hair  remover 

7.  Warming  pad 

Procedures 

1.  Set  up  the  laminar  flow  with  all  necessary  equipment  and 
materials  (Figures  la  and  b). 

*NOTE:  surgery  should  be  conducted  under  aseptic  condi¬ 
tions  and  use  sterile  instruments,  supplies  and  wound  closure 
materials  within  a  designated  surgical  room,  and  following 
procedures  approved  by  the  facility  department  of  animal  care 
oversight. 

2.  Anesthetize  animals  if  necessary. 

•  This  anesthesia  should  be  performed  only  if  equipped  with  a 
proper  ventilated  area.  Two  percent  isoflurane  mixed  with 
98%  oxygen  in  the  induction  chamber.  Mice  should  be  kept 
under  anesthesia  for  the  duration  of  the  surgery  by  being 
placed  on  their  back  and  their  head  (nose)  inserted  into  the 
breathing  tube. 

•  Alternatively,  xylazine-ketamine  cocktail  (Ketamine 
(100  mg  ml-1):  Xylazine  (20  mg  ml-1):  lx  PBS  =  3:2:5) 
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Figure  1 


An  example  images  for  sterile  surgical  suite,  (a,  b)  laminar  flow  with  mounted  microscope,  heated  operation  table  and  necessary  equipment. 


can  be  administered  300  jil  per  1  kg  body  weight  intraper- 
itoneally  (i.p.) 

3.  Monitor  animals  until  fully  anesthetized  (loss  of  reflexes)  and 
place  them  on  a  warming  pad. 

*NOTE:  prior  to  surgery,  depth  of  anesthesia  should  be  ensured 
by  gently  pinching  the  hind  paw  or  tail  tip.  Mice  should  be 
unresponsive.  If  there  is  a  response  (movement)  wait  longer  or  (in 
the  case  of  ketamine  injection)  administer  another  small  dose. 
Please  consult  with  your  local  authority,  as  the  regulation  may  vary. 

4.  Apply  ophthalmic  ointment  and  remove  the  hair  if  necessary. 

5.  Place  the  animal  in  an  appropriate  position  (for  example, 
supine  or  prone)  on  a  heated  operation  table  within  the 
laminar  flow. 

6.  Disinfect  the  surgical  area  with  70%  ethanol. 

Prostate  cancer  cell  inoculation  routes 

Intraosseous  inoculation  (Written  by  JH) 

Materials 

1.  Sterile  1  x  PBS. 

2.  Dental  drill  (power  supply  and  drill,  www.proxxon.com)  and 
dental  needles  (Hedstroem  files  28  mm  size  30). 

3.  Surgical  scissors,  tweezers,  scalpel  and  blade. 

4.  Cotton  swabs. 

5.  70%  ethanol  gauze. 

6.  1  ml  syringes  with  a  27G  needle. 

7.  0.5  or  1  ml  insulin  syringes  (30G,  1/2  inch). 

8.  Surgical  bone  wax  (Ethicon,  Inc.,  Somerville,  NJ,  USA), 
capillary  pistons  (CP25,  Gilson  Microman,  Gilson,  Inc., 
Middleton,  Wl,  USA)  and  spatula  (Figure  2a). 

9.  Suturing  thread. 

10.  Betadine,  Purdue  Pharma,  Stamford,  CT,  USA. 

1 1 .  Faxitron  radiography  system  (MX-20,  Faxitron,  Tucson,  AZ, 
USA). 

Procedures 

Intratibial  injection  (Method  1) 

1.  Place  the  animal  in  supine  position  on  a  heated  operation 
table  within  the  laminar  flow  (administer  anesthesia  as 
indicated  above). 

2.  Disinfect  the  hind  limb  with  70%  ethanol. 

3.  Flex  the  knee  at  about  90  angle. 


4.  Insert  a  27G  needle  into  the  joint  surface  through  the  patellar 
tendon  and  tibial  plateau  in  order  to  enter  the  intramedullary 
canal  of  the  tibia. 

*NOTE:  the  needle  should  be  inserted  with  a  drilling 
movement.  Alternatively,  an  incision  over  the  patellar  tendon, 
followed  by  a  longitudinal  arthrotomy  along  the  medial  border  of 
the  patellar  tendon,  can  be  performed  to  expose  the  tibial 
plateau. 

5.  Inject  the  cancer  cell  suspension  with  a  30G  needle  via  the 
proximal  hole  (1 0  pi  maximal  volume,  but  less  volume  would 
be  ideal). 

6.  Inject  an  appropriate  analgesic  and  monitor  mice  until  they 
fully  recover. 

*NOTE:  alternatively  to  this  method,  a  needle  can  be  used  to 
drill  a  hole  proximal  to  the  tibial  tuberosity.  After  penetration 
of  the  cortical  bone,  the  cancer  cell  suspension  can  be 
injected. 

*NOTE:  bone  marrow  ablation  creates  space  for  the  injection, 
and  drilled  holes  can  be  sealed  with  bone  wax  preventing 
cancer  cells  to  migrate  out  of  the  medullary  cavity,  (please  see 
Method  2). 

Intraosseous  inoculation  (Method  2) 

1.  Place  the  animal  in  supine  position  on  a  heated  operation 
table  within  the  laminar  flow  (administer  anesthesia  as 
indicated  above). 

*NOTE:  tape  the  animal’s  hind  limb  to  the  operation  table 
(if  the  leg  is  tape-fixed  over  a  needle  cap  with  a  rotation 
to  the  inner  side,  drilling  of  the  holes  is  facilitated) 

(Figures  2b  and  c). 

2.  Disinfect  the  hind  limb  with  70%  ethanol. 

3.  Make  a  skin  incision  with  a  scalpel  starting  slightly  below  the 
knee  joint  to  the  end  of  the  tibial  bone  marrow  cavity 

(Figure  2d). 

*NOTE:  take  care  to  not  damage  the  tibial  vein  or  artery. 

4.  Carefully  resect  the  caput  mediale  of  the  gastrocnemius 
along  the  anterior  tibial  margin,  and  then  continue  to  resect 
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a 


Figure  2  Intraosseous  inoculation  of  prostate  cancer  cells,  (a)  Capillary  piston,  bone  wax  and  spatula,  (b,  c)  Fixation  of  hind  limb.  Gently  grab  the  hind  limb  of  the  animal  with  a 
tweezer  to  avoid  damaging  to  a  mouse  foot  and  tape  it  to  the  operation  table,  (d)  Skin  incision  (white  arrows  point  to  the  position  of  holes  to  be  drilled),  (e)  Radiograph  of  tibia  after 
intraosseous  inoculation  (white  arrows  point  to  the  drilled  holes). 


its  insertion  on  the  medial  surface  of  the  tibia  to  uncover  the 
underlying  bone. 

5.  Constantly  apply  1  x  PBS  to  prevent  drying  of  the 
wound. 

6.  Drill  two  holes,  one  in  close  proximity  to  the  metaphyseal 
growth  plate  and  one  at  the  distal  end  of  the  tibial  bone 


marrow  cavity  (Figure  2d:  arrows  indicate  the  position  of 
holes  to  be  drilled;  Figure  2e:  arrows  indicate  position  of 
drilled  holes  as  seen  on  radiographs). 

*NOTE:  the  dental  drill  bit  should  be  held  perpendicular 
to  the  tibia  while  drilling. 
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7.  Flush  the  bone  marrow  with  0.5  ml  1  x  PBS  using  a  30G 
needle. 

8.  Insert  bone  wax  with  a  capillary  piston  into  the  distal  hole  and 
press  with  a  spatula. 

9.  Inoculate  the  cancer  cell  suspension  intramedullarily  with  a 
30G  needle  via  the  proximal  hole  (1 0  |il  maximal  volume,  but 
less  volume  would  be  ideal). 

1 0.  Seal  the  proximal  hole  with  bone  wax  and  suture  the  wound 
with  2-3  stitches. 

11.  Disinfect  the  wound  with  betadine. 

1 2.  Inject  an  appropriate  analgesic  and  monitor  mice  until  they 
fully  recover. 

*NOTE:  both  Method  1  and  Method  2  are  invasive.  Either  the 
injection  channel  using  Method  1  or  the  drilled  holes  using 
Method  2  will  be  identified  in  histological  sections.  The  injection 
volume  has  to  be  kept  minimal  for  both  methods  because  of  the 
space  limitation  in  the  medullary  cavity. 

*NOTE:  mice  should  be  monitored  regularly,  according  to  an 
approved  mouse  protocol,  and  killed  if  clinical  signs  match  the 
experimental  end  point.  Signs  include,  but  are  not  limited  to, 
rapid  weight  loss  and  any  condition  interfering  with  daily 
activities  (for  example,  eating  or  drinking,  ambulation  or 
elimination). 

*NOTE:  bone  lesions  can  be  monitored  by  radiography 
(Faxitron,  25  kV,  6  s)  (Figures  3a  and  b:  representative  radio¬ 
graphy  pictures  of  osteolytic  and  osteoblastic  bone  metas- 
tases),  and  cancer  cell  growth  can  be  monitored  using 
bioluminescence  imaging  (only  for  luciferase-labeled  cells). 

Intracardiac  inoculation  (Written  by  NW) 

Materials 

1.  70%  ethanol  gauze 

2.  0.5  or  1  ml  Insulin  syringes  (30G,  V2  inch) 


a  b 


Figure  3  Representative  radiographs  after  intraosseous  inoculation.  Representa¬ 
tive  images  of  radiographs  after  the  intraosseous  injection  of  (a)  osteolytic  prostate 
cancers  cells  (PC-3)  into  the  bone  marrow  cavity  of  CB17  SCID  mice  (Day  32,  2500 
cells  delivered)  and  (b)  osteoinductive  prostate  cancer  cells  (VCaP)  into  the  bone 
marrow  cavity  of  CB17  SCID  mice  (day  91,  500000  cells  delivered). 


Procedures 

1 .  Hold  the  syringe  with  thumb,  index  finger  and  middle  finger. 
Ring  finger  and  little  finger  are  used  to  withdraw  and  push  the 
plunger,  respectively  (Figure  4a). 

2.  Use  thumb  and  index  finger  of  the  other  hand  to  slightly 
squeeze  the  rib  cage  of  mouse  from  dorsal  side  upward  to 
raise  the  position  of  the  heart  (Figure  4b)  (administer 
anesthesia  as  indicated  above). 

3.  Disinfect  the  chest  area  with  70%  ethanol. 

4.  Insert  needle  horizontally  into  the  injection  point  and  slightly 
withdraw  the  plunger  after  the  needle  has  been  inserted 
7-8  mm. 

*NOTE:  push  and  withdraw  the  plunger  of  syringe  several  time 
to  reduce  friction  force  before  loading  the  syringe  with  1 20  |il  cell 
suspensions  (20|il  in  excess). 

*NOTE:  alternatively,  needle  can  be  inserted  vertically. 

*NOTE:  injection  point  is  1-2  mm  left  of  the  midline  and 
1-2  mm  beneath  the  edge  of  rib  cage  of  the  mouse 
(Figure  4c). 

*NOTE:  if  the  needle  is  properly  inserted  in  the  left  ventricle, 
bright  red  blood  will  be  pumped  back  into  the  cell  suspension 
and  pulsation  should  be  visible  from  the  air  bubble  remaining  in 
the  syringe  (Figure  4d).  If  there  is  no  blood  pumping  back  or 
dark  red  blood  observed,  retract  and  re-insert  the  needle,  but  no 
more  than  three  attempts  should  be  carried  out  within  24  h. 

5.  Inject  the  cell  suspension  at  a  slow  pace  (~30s  for  total 
100  |il). 

*NOTE:  avoid  positional  change  of  injecting  hand  during 
injection. 

*NOTE:  correct  injection  can  be  verified  during  the  process  of 
injection  by  the  color  of  blood  pumped  back  to  syringe. 
Should  the  needle  be  correctly  injected  into  the  left  ventricle, 
bright  red,  oxygenated  arterial  blood  will  be  seen,  which  is 
distinctive  from  the  darker  venous  blood  of  the  right  ventricle 
(Figure  5a). 

*NOTE:  tumor  cells  in  the  systemic  circulation  can  also  be 
verified  within  24  h  after  injection  by  bioluminescence  imaging, 
if  you  are  using  luciferase-labeled  cells.  If  tumor  cells  are 
correctly  injected  into  the  left  heart  ventricle,  bioluminescence 
signals  can  be  observed  in  the  whole  body  (Figure  5b). 
Otherwise,  signals  will  be  concentrated  in  the  chest  area, 
and  resemble  the  shape  of  lung,  or  will  be  completely  absent 
(Figure  5c). 

6.  Slightly  withdraw  the  plunger  during  the  inoculation,  and 
observe  whether  blood  is  still  pumping  back  into  the 
syringe  to  confirm  that  the  needle  is  still  placed  in  the  left 
ventricle. 

7.  Complete  the  injection  of  1 00  pil  of  cell  suspension  with  the 
20  |il  excess  remaining  in  the  syringe.  Wait  for  5  s  before  the 
needle  is  taken  out. 

8.  Monitor  mice  until  they  fully  recover. 

*NOTE:  after  the  successful  injection,  the  mouse  is  placed 
back  into  a  clean  cage  on  a  heating  pad,  until  fully  recovered 
from  the  anesthesia.  Closely  monitor  the  mouse  for  the  first  24  h 
after  injection. 
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a  b 


Figure  4  Intracardiac  inoculation  of  prostate  cancer  cells,  (a)  Proper  holding  of  the  syringe.  Thumb,  index  finger  and  middle  finger  are  used  to  hold  the  syringe,  whereas  ring 
finger  and  little  finger  are  responsible  for  withdrawing  and  pushing  the  plunger,  (b)  Mouse  is  placed  in  a  supine  position  and  the  rib  cage  is  squeezed  up  to  raise  the  position  of  the 
heart,  (c)  Insert  the  needle  horizontally  into  the  injection  point  1-2  mm  left  of  the  midline  (the  dotted  line)  and  1-2  mm  beneath  the  edge  of  rib  cage  (the  solid  line).  The  approximate 
position  of  the  heart  is  marked  in  red.  (d)  When  the  needle  is  successfully  inserted  into  the  left  ventricle,  slightly  withdrawing  the  plunger  will  pump  bright  red  blood  back  into  the  cell 
suspension  in  the  syringe  (yellow  arrow). 


a  be 


Figure  5  Verification  after  intracardiac  inoculation,  (a)  Bright  red,  oxygenated  arterial  blood  from  correct  injection  into  the  left  ventricle  (L)  and  darker  venous  blood  of  the  right 
ventricle  from  incorrect  injection  (R).  Representative  images  of  in  vivo  bioluminescence  imaging  within  24  h  after  injection  (b)  in  the  correctly  injected  mouse  (whole  body 
bioluminescence  signals)  and  (c)  in  the  incorrectly  injected  mouse  (lung-shape  signals  over  thorax). 
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Intravenous  inoculation  (Written  by  JD) 

Materials 

1.  Mouse  restrainers. 

2.  70%  ethanol  gauze. 

3.  1  ml  syringes  with  26-28G  needle,  V2  inch. 

*NOTE:  various  mouse  restrainers  are  available,  but  the 

mouse  tail  illuminator  restrainer  from  Braintree  Scientific,  Inc. 

(Braintree,  MA,  USA)  is  recommended,  because  it  efficiently 

illuminates  and  warms  a  mouse  tail  for  easy  injection. 

Procedures 

1 .  Gently  grab  the  tail  of  a  mouse  and  pull  it  into  the  commercial 
or  custom  mouse  restrainer,  with  its  back  against  the  slit 
and  its  tail  sticking  out  of  the  small  opening  in  the  back 
of  the  restrainer.  Slowly  close  doors  and  keep  mouse  gently 
restrained. 

2.  Find  the  lateral  tail  vein  (Figure  6)  and  promote  vasodilation 
of  the  vein  for  easy  injection  by  warming  the  mouse  using  a 
heat  lamp  or  a  warming  device  or  by  immersion  of  the  tail  in 
warm  water  for  about  5  min. 


*NOTE:  start  from  the  distal  end  of  the  tail;  thus,  if  the  first  trial 
fails,  a  more  proximal  region  of  the  tail  can  be  used  if  another 
attempt  is  needed. 

*NOTE:  the  maximum  volume  that  may  be  injected  depends 
on  numerous  factors  including  the  mouse’s  size,  background 
strain  and  properties  of  the  cells.  Most  users  try  to  limit  the 
injection  to  a  maximum  of  0.25  ml.  Keep  in  mind  that 
overconcentration  of  cells  may  lead  to  embolism  in  lung 
capillaries  and  death  of  the  mice. 

7.  Withdraw  the  needle  after  injection  and  press  a  clean  piece 
of  paper  towel  or  cotton  swab  on  the  injection  site  to  facilitate 
clotting. 

8.  Release  the  mouse  from  the  restrainer  and  return  it  to  the 
cage. 

*NOTE:  most  mice  show  only  reduced  activity  levels.  The 
mice  should  be  observed  for  the  first  hour  following  injection.  If 
no  problems  are  observed  other  than  reduced  activity,  the  mice 
may  be  returned  to  standard  housing. 

Orthotopic  inoculation  (Written  by  MK-dJ) 

Materials 


*NOTE:  the  time  will  be  dependent  on  the  distance  from 
the  heat  source,  and  the  animals  must  be  monitored 
carefully  to  prevent  being  burned  or  overheated  by  the  heat 
source. 

3.  Disinfect  the  tail  with  70%  ethanol. 

4.  Pull  the  tail  straight. 

5.  Hold  the  tip  of  tail  with  thumb,  and  support  the  point  for 
injection  with  the  index  finger. 

6.  With  the  bevel  facing  up,  insert  a  needle  into  one  of  the  lateral 
tail  veins  in  the  proximal  1/3  of  the  tail,  and  gently  inject  100  jlxI 
of  the  cell  suspension. 

*NOTE:  a  successful  injection  is  based  on  lack  of  resistance 
while  pushing  the  plunger. 


Figure  6  Anatomy  of  murine  tail.  Murine  tail  veins  are  found  in  both  sides 
of  murine  tail  (just  under  the  skin).  Intravenous  injections  should  be  performed  via  the 
lateral  tail  vein. 


1.  Sterile  1  x  PBS. 

2.  Surgical  scissors  and  tweezers. 

3.  Cotton  swabs. 

4.  70%  ethanol  gauze. 

5.  0.5  or  1  ml  Insulin  syringes  (30G,  V2  inch). 

6.  Suturing  thread  (wound  clip  is  not  ideal  for  imaging). 

7.  Betadine. 


Procedure 

1.  Place  a  mouse  in  supine  position,  immobilization  is  not 
necessary  (administer  anesthesia  as  indicated  above). 

2.  Disinfect  the  lower  abdomen  with  70%  ethanol. 

3.  Make  a  small  (1  cm)  incision  in  the  lower  midline  of  the 
peritoneum. 

4.  Exteriorize  and  gently  stabilize  the  prostate  dorsal  lobes  with 
a  wet  (1  x  PBS)  cotton  swab  (Figure  7). 


Figure  7  Orthotopic  inoculation  of  prostate  cancer  cells.  The  prostate  dorsal 
lobes  are  gently  exteriorized,  and  prostate  cancer  cells  will  be  inoculated. 
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5.  Insert  the  needle  into  the  right  dorsal  lobe  of  the  prostate  at  a 
45  angle. 

6.  Slowly  inject  1 0  pil  of  the  cell  suspension. 

*NOTE:  a  well-localized  bleb  indicates  a  successful  injection. 

7.  Retract  the  needle  gently  and  place  a  cotton  swab  over  the 
injection  site  for  about  1  min  to  prevent  bleeding  and  spillage 
of  material. 

8.  Return  the  prostate  to  the  peritoneum  and  suture  the 
abdominal  wall  first  and  the  skin  layer  after  with  a  4-0 
silk  suture. 

9.  Disinfect  the  wound  with  betadine. 

1 0.  Inject  an  appropriate  analgesic  and  monitor  mice  until  they 
fully  recover. 

*NOTE:  mice  should  be  monitored  regulary  according  to  an 
approved  mouse  protocol  and  killed  if  clinical  signs  match 
experimental  end  point.  Signs  include,  but  are  not  limited  to, 
rapid  weight  loss  and  any  condition  interfering  with  daily  activities 
(for  example,  eating  or  drinking,  ambulation  or  elimination). 

In  vivo  bioluminescence  imaging 

Materials 

1 .  Luciferase-labeled  prostate  cancer  cell  line  (PCa-luc  cells). 

*NOTE:  luciferase-labeled  prostate  cancer  cells  are  greatly 
useful  to  follow  metastasis  in  vivo.  Lentiviral  transfer  of 
luciferase  gene  and  subsequent  selection  and  verification  of 
stable  clones  should  be  performed  in  advance.  Luciferase- 
labeled  PC-3  cells  can  be  purchased  from  Caliper  Life  Sciences 
or  generated  individually  by  transducing  cells  with  lentiviral 
vectors  and  luciferase  reporter  vectors  (pGL4  Luciferase 
Reporter  Vectors  from  Promega,  Madison,  Wl,  USA).  Verify 
luciferase  activity  in  cells  before  injection. 

2.  Sterile  1  x  PBS. 

3.  1  ml  syringes  with  a  25G  needle. 

4.  D-Luciferin  (from  Regis  Technologies,  Morton  Grove,  IL, 
USA,  or  Caliper  Life  Sciences,  Waltham,  MA,  USA  or 
Promega). 

5.  Isoflurane. 

6.  Oxygen  tank. 

7.  Isoflurane/oxygen-based  anesthesia  system  fitted  with  an 
induction  chamber  and  inhalation  masks  for  mice. 

*NOTE:  xylazine-ketamine  cocktail  can  be  used  if  no 
Isoflurane/oxygen-based  anesthesia  system  available. 


Figure  8  Representative  images  after  intravenous  injection.  Representative 
images  of  (a)  in  vivo  bioluminescence  imaging  and  (b)  radiograph  after  the  intravenous 
injection  of  luciferase-labeled  PC-3  cells  into  a  nude  mouse.  Multiple  bone  metastatic 
lesions  are  detected  at  mouse  hind  limbs. 


4.  Set  exposure  time  and  imaging  parameters. 

5.  Anesthetize  the  mice  in  2%  isoflurane  mixed  with  98% 
oxygen  in  induction  chamber. 

6.  Place  mice  in  the  IVIS  platform  while  keeping  mice  under 
anesthesia  through  a  nose  cone,  and  take  the  image  12  min 
after  D-luciferin  injection. 

*NOTE:  it  is  recommended  to  perform  an  initial  kinetic 
experiment  for  each  animal  model  taking  images  during 
different  time  points.  This  will  allow  you  to  determine  the 
D-luciferin  distribution  for  your  experiment. 

7.  Analyze  and  quantify  the  photons  emitted  from  luciferase- 
labeled  cells  within  the  animal  according  to  the  manufac¬ 
turer’s  protocol. 


8.  In  vivo  imaging  system  (Xenogen  IVIS,  Perkin-Elmer, 
Waltham,  MA,  USA). 

Procedure 

1.  Prepare  a  sterile  stock  solution  of  D-luciferin  in  1  x  PBS 
(40  mgmr1). 

2.  Inject  1 50  jag  g  1  D-luciferin  into  the  intraperitoneal  cavity  of 
mice,  using  a  syringe  with  a  25G  needle. 

3.  Initialize  the  ‘Living  Image  software  (Perkin-Elmer)’  provided 
by  the  manufacturer  on  a  computer  attached  to  the  IVIS 
machine. 


*NOTE:  for  the  intravenous  inoculation  model  of  prostate 
cancer,  a  highly  metastatic  cancer  cell  line  (for  example, 
PC-3  and  DU145)  typically  gives  rise  to  many  metastases, 
especially  at  hind  limb  with  bone  metastatic  lesions  (Figure  8a), 
whereas  very  few  metastases  will  be  detected  from  a  poorly 
metastatic  cancer  cell  line  (for  example,  LNCaP  and  LNCaP 
C4-2B). 

*NOTE:  bioluminescence  is  a  well-established  technique 
commonly  utilized  to  track  tumor  growth  and  to  locate  and 
monitor  the  presence  of  metastases  within  living  animals.  In  vivo 
bioluminescence  imaging  system  is  a  highly  sensitive  imaging 
technology  to  quantify  bioluminescence  via  a  digital  camera 
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Table  1  Prostate  cancer  cell  line  used  in  bone  metastasis  research 


Cell  line 

Origin 

PSA 

AR 

Bone  lesion 

Model 

References 

DU145 

Central  nerve  system 
metastasis  (Human) 

Negative  Negative  Osteolytic 

Intratibial  injection,  Intracardiac  injection, 
Intravenous  injection  into  human  bone 
implanted  animals 

Conley-LaComb  et  al.,3 
Stone  et  al.,4  Nemeth 
et  al.,5  Yin  et  al.6 

PC-3 

Vertebral  bone 
metastasis  (Human) 

Negative  Negative  Osteolytic 

Intratibial  injection,  Intrafemoral  injection, 
intracardiac  injection,  Intravenous  injection 
into  human  bone  implanted  animals 

Kaighn  et  al.,7  Nemeth 
et  al.,5  Chu  et  al.,8 

Wu  et  al.  9  Zhang  et  al. 1 0 

LNCaP 

Lymph  node  metastasis 
(Human) 

Positive 

Positive 

Osteoblastic/ 

Osteolytic 

Intrafemoral  injection,  Intravenous  injection 
into  human  bone  implanted  animals 

Nemeth  et  al.,5 
Horoszewicz  et  a/.,11 

Wu  et  al.9 

LNCaP 

C4-2 

LNCaP  subline  C4 
xenograft  line 

Positive 

Positive 

Osteoblastic 

Intratibial  injection,  Intrafemoral  injection, 
intracardiac  injection 

Thalmann  et  al.,12 

Wu  et  al.9 

LNCaP 

C4-2B 

LNCaP  subline  C4-2 
xenograft  line 

Positive 

Positive 

Osteoblastic 

Intrafemoral  injection 

Thalmann  et  al .,12 

Wu  et  al.9 

MDA  PCa 
2b 

Bone  metastasis 
(Human) 

Positive 

Positive 

Osteoblastic 

Intrafemoral  injection 

Navone  et  a/.,13 

Cheng  et  al.,  Yang 
et  al.™ 

VCaP 

Vertebral  bone 
metastasis  (Human) 

Positive 

Positive 

Osteoblastic 

Intratibial  injection 

Korenchuk  et  al.,16 
Kirschenbaum  et  al 17 

22Rv1 

CWR22R  xenograft  line 

Positive 

Positive 

Osteoblastic/ 

Osteolytic 

Intratibial  injection 

Sramkoski  et  al.,18 
Henry  et  al.19 

LAPC-9 

Femoral  bone 
metastasis  (Human) 

Positive 

Positive 

Osteoblastic 

Intratibial  injection 

Craft  etal.  ,20  Lee  etal.  21 
Lee  et  al.22 

ARCaP 

Ascites  of  a  patient  with 
advanced  metastatic 
disease  (Human) 

Positive 

Positive 

Osteoblastic/ 

Osteolytic 

Intracardiac  injection 

Zhau  et  al.  23 
Odero-Marah  et  al.,24 
Xu  et  al.25 

LuCaP23.1 

Lymph  node  metastasis 
(Human) 

Positive 

Positive 

Osteoblastic 

Intratibial  injection 

Ellis  et  al.,26  Morrissey 
etal.,27  Brubaker  etal.  8 

Abbreviations:  AR,  androgen  receptor;  PSA,  prostate-specific  antigen. 


and  advanced  computer  software.  This  system  detects 
photons  emitted  from  luciferase-expressing  cells  within  the 
living  animals. 

*NOTE:  in  certain  cases,  it  may  be  important  to  get  both 
dorsal  and  ventral  images. 

*NOTE:  many  imaging  techniques  can  also  be  used  to  detect 
the  prostate  cancer  metastatic  lesions  in  mice,  such  as 
molecular  imaging  techniques  or  small  animal  diagnostic 
imaging  (microcomputed  tomography  or  magnetic  resonance 
imaging  or  Faxitron  cabinet  x-ray  systems)  (Figure  8b).  If  both 
bioluminescence  and  other  imaging  techniques  are  not  avail¬ 
able,  histopathological  examination  of  metastatic  nodules 
subsequent  to  necropsy  is  the  best  approach. 

Discussions/Conclusion 

In  this  manuscript,  we  discussed  the  mouse  xenograft  models 
that  are  commonly  used  to  study  prostate  cancer  bone 
metastasis.  Using  these  models  with  human  prostate  cancer 
cell  lines  (Table  I),3-28  we  have  gained  a  greater  understanding 
of  the  process  of  bone  metastasis.  However,  there  are  lim¬ 
itations  for  using  these  xenograft  models,  as  the  immune 
systems  of  animals  used  for  developing  these  models  are  weak 
or  compromised  to  avoid  an  immune  response  to  the  human 
tissue.  There  are  currently  some  transgenic  spontaneous 
prostate  cancer  models  that  may  overcome  this  limitation; 
however,  the  transgenic  mice  currently  available  rarely  result  in 
bone  metastases,  unlike  those  seen  in  human  prostate  can¬ 
cer.29  Although  humanized  animal  models30,31  or  ex  vivo  tissue 
engineered  models32,33  have  been  recently  proposed  to 
potentially  mimic  bone  metastasis,  models  that  perfectly 
recapitulate  the  human  prostate  cancer  bone  metastatic 
process  are  still  missing.  To  unveil  the  mystery  of  bone 
metastasis,  further  improvement  of  animal  models  currently 


available  and/or  development  of  new  animal  models  to  over¬ 
come  the  limitations  that  we  are  facing  are  clearly  warranted. 
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Abstract:  As  a  result  of  significant  improvements  in  current  therapies,  the  life 
expectancy  of  cancer  patients  with  bone  metastases  has  dramatically  improved. 
Unfortunately,  these  patients  often  experience  skeletal  complications  that  significantly 
impair  their  quality  of  life.  The  major  skeletal  complications  associated  with  bone 
metastases  include:  cancer-induced  bone  pain,  hypercalcemia,  pathological  bone 
fractures,  metastatic  epidural  spinal  cord  compression  and  cancer  cachexia.  Once  cancer 
cells  invade  the  bone,  they  perturb  the  normal  physiology  of  the  marrow 
microenvironment,  resulting  in  bone  destruction,  which  is  believed  to  be  a  direct  cause 
of  skeletal  complications.  However,  full  understanding  of  the  mechanisms  responsible  for 
these  complications  remains  unknown.  In  the  present  review,  we  discuss  the 
complications  associated  with  bone  metastases  along  with  matched  conventional 
therapeutic  strategies.  A  better  understanding  of  this  topic  is  crucial,  as  targeting 
skeletal  complications  can  improve  both  the  morbidity  and  mortality  of  patients  suffering 
from  bone  metastases. 

Key  words:  bone  metastasis,  cancer-induced  bone  pain,  hypercalcemia,  metastatic 
epidural  spinal  cord  compression,  pathological  bone  fractures,  skeletal  complications. 


Introduction 

Although  the  survival  of  prostate  cancer  patients  has  improved  over  the  past  two  decades, 
when  the  disease  spreads  to  other  organs,  such  as  bone,  the  prognosis  worsens  drastically. 
Indeed,  the  5 -year  relative  survival  rate  of  localized  or  regional  prostate  cancer  is  nearly 
100%;  but  just  28.2%  of  patients  with  distant  metastases  survive  past  5  years  (http://seer.can- 
cer.gov/statfacts/html/prost.html).  In  particular,  the  overall  median  survival  of  patients  with 
bone  metastases  is  just  19  months.1  This  is  due  to  the  fact  that  distant  metastases  are  difficult 
to  treat  or  even  investigate,  because  the  process  of  metastasis  requires  many  steps:  including 
detachment  from  the  primary  site,  circulation  throughout  the  body  and  dissemination  to  sec¬ 
ondary  organs.2  Furthermore,  growing  evidence  suggests  that  the  interaction  between  meta¬ 
static  cancer  cells  and  their  microenvironment  is  a  complex,  but  essential,  component  of  the 
metastatic  process.3,4 

Once  in  the  marrow,  bone  metastatic  cancer  cells  take  advantage  of  the  normal  marrow 
physiology  to  survive  away  from  the  primary  tumor.5  Bone  marrow  is  a  unique  environment 
in  that  it  houses  both  the  cells  of  hematopoietic  lineage  and  the  cells  that  are  responsible  for 
bone  remodeling  (e.g.  osteoblasts  and  osteoclasts).  Recent  studies  have  shown  that  bone  meta¬ 
static  cancer  cells  home  to  the  osteoblasts,  or  the  hematopoietic  stem  cell  niche,6  which  plays 
crucial  roles  in  the  early  colonization  of  bone.6,7  These  DTCs  also  actively  influence  bone 
remodeling  (e.g.  osteoblastogenesis  and  osteoclastogenesis)  to  create  a  favorable  environment 
for  further  recruitment  and  better  survival  of  DTCs  within  the  marrow.8  Subsequently,  DTCs 
become  dormant,  and  eventually  regrow.  Currently,  bone-targeting  agents  (BPs,  denosumab) 
and/or  external  beam  radiotherapy  are  the  standards  of  care  for  prevention  or  delay  of  SREs.9 
However,  these  treatment  strategies  are  not  radical,  but  palliative  or  supportive.  Therefore, 
there  is  a  strong  need  to  understand  the  mechanisms  of  bone  metastasis  to  develop  treatments 
that  are  more  effective. 

Generally,  patients  with  advanced  stage  prostate  cancer  are  treated  with  ADT,  whereas 
patients  with  early  stage,  low-  or  intermediate-risk  prostate  cancer  can  be  treated  with  prosta¬ 
tectomy  or  radiation.  In  most  cases,  ADT  is  only  effective  initially,  when  prostate  cancer  is 
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first  cut  off  from  its  preferred  growth  factor,  androgen.  How¬ 
ever,  ADT  alone  is  not  sufficient  to  eliminate  prostate  cancer. 
Prostate  cancer  gradually  acquires  resistance  to  androgen 
deprivation,  and  eventually  becomes  CRPC,  which  often  pre¬ 
sents  itself  in  the  form  of  aggressive  bone  metastases.  Once 
CRPC  spreads  to  the  bone,  it  is  not  only  incurable,  but  also 
causes  SREs  that  devastate  one’s  QOL.  As  if  the  severe  pain 
associated  with  bone  metastases  was  not  enough,  many 
patients  experience  spinal  cord  compression  so  debilitating 
they  become  completely  bedridden.  It  is  therefore  of  the 
utmost  importance  to  develop  therapeutic  agents  that  eradi¬ 
cate  bone  metastatic  diseases,  or  in  the  very  least  improve  the 
QOL  of  afflicted  patients.  In  order  to  do  this,  we  need  to 
understand  the  mechanisms  involved  in  skeletal  complications 
associated  with  bone  metastases. 

In  the  present  review,  we  compiled  the  known  molecular 
mechanisms  and  current  therapeutic  strategies,  as  well  as  the 
shortcomings,  associated  with  the  four  major  skeletal  compli¬ 
cations  caused  by  bone  metastases. 

Skeletal  complications  of  bone 
metastasis 

Cancer-induced  bone  pain 

Pain  is  one  of  the  most  frequent  complications  in  cancer 
patients.  In  fact,  68%  of  all  cancer  patients  with  advanced, 
metastatic  or  terminal  disease  experiences  pain.10  Specifi¬ 
cally,  60-84%  of  cancer  patients  with  bone  metastasis 
develop  bone  pain.11  The  pain  mediated  by  bone  metastases 
is  often  described  as  “ongoing  pain,”  which  is  dull  and 
continuous.  However,  as  cancer  grows,  this  pain  might 
become  more  severe.  Bone  cancer  pain  can  also  produce 
episodes  of  intense  pain  often  triggered  by  movement  that 
breakthrough  a  standard  opioid-based  regimen  (breakthrough 
pain).  Recent  studies  suggest  the  following  mechanisms  of 
cancer-induced  bone  pain:  (i)  cancer  cells  directly  or  indi¬ 
rectly  interact  with  nociceptors  in  the  marrow  by  secreting 
chemical  mediators,  such  as  prostaglandins,  nerve  growth 
factor,  endothelins  and  bradykinin;12  (ii)  cancer  cells  also 
interact  with  surrounding  inflammatory  cells,  such  as 
macrophages  and  mast  cells,  within  the  metastatic  lesion, 
which  also  secrete  chemical  mediators  that  lead  to  bone 
pain;12  and  (iii)  once  cancer  cells  reach  the  bone,  they 
interfere  with  homeostatic  bone  remodeling.  Cancer  cells 
stimulate  osteoclastogenesis  by  secreting  factors,  such  as 
PTHrP.13  The  resulting  osteoclasts  can  demineralize  and 
destroy  regions  of  bone  rich  with  peripheral  nerve  innerva¬ 
tion,  causing  bone  pain.14  In  addition,  the  bone  destruction 
process  leads  to  an  acidic  environment,  further  stimulating 
pain  through  pH  sensing  channels.15,16  Therefore,  blocking 
the  interactions  between  chemical  mediators  and  their  recep¬ 
tors  on  peripheral  nociceptors,  or  preventing  osteoclastogen¬ 
esis  altogether  are  both  analgesic  strategies  used  for  cancer- 
induced  bone  pain.12,17 

Currently,  pain  associated  with  cancer  is  treated  by  fol¬ 
lowing  the  three-step  analgesic  ladder  approach  developed 
by  the  World  Health  Organization.18,19  The  first  step  of 
this  approach  is  to  use  non-opioids,  such  as  NSAIDs  or 
acetaminophen,  for  mild  pain.  As  pain  progresses,  the 


patient  is  next  prescribed  weak  opioids  (mild-moderate 
pain),  and  finally,  a  patient  with  moderate  to  severe  pain  is 
prescribed  strong  opioids.  Although  opioids  are  extremely 
effective  analgesics  and,  as  such,  are  the  current  mainstay 
for  severe  cancer  pain  management,  opioid  abuse  and 
addiction  are  a  serious  and  growing  concern 20  Therefore, 
alternative  strategies  to  reduce  opioid  use  are  urgently 
required.  One  such  strategy  is  a  combination  regimen  of 
non-opioids  and  opioids,  allowing  an  overall  reduction  of 
opioid  intake.  This  combination  strategy  has  been  shown  to 
actually  improve  treatment  efficacy  in  patients  with  moder¬ 
ate  to  severe  cancer  pain.21  Radiotherapy  has  also  been 
used  for  the  management  of  pain  caused  by  bone  metas¬ 
tases.22  It  has  been  shown  that  60-80%  of  patients  with 
bone  metastases  experience  pain  relief  after  radiotherapy.23 
Additionally,  agents  that  target  bone  remodeling,  such  as 
BPs  and  denosumab,  a  monoclonal  antibody  against 
RANKL,  have  been  reported  to  relieve  pain  in  patients  suf¬ 
fering  from  bone  metastasis.24 

As  stated  above,  NSAIDs  are  widely  used  analgesics  for 
cancer-induced  bone  pain,  but  can  have  serious  side-effects 
including  ulcers  and  bleeding.24  However,  it  was  recently 
shown  that  patients  who  took  a  new  type  of  NS  AID  (a  selec¬ 
tive  COX-2  inhibitor)  had  fewer  gastrointestinal  side-effects 
than  those  who  took  non-selective  traditional  NSAIDs.25 
Although  the  mechanisms  whereby  the  COX-2  inhibitor 
relieves  pain  are  still  unknown,  it  has  been  suggested 
that  COX-2  is  responsible  for  the  synthesis  of  prostag¬ 
landins,  resulting  in  inflammation  and  pain.26  Indeed,  selec¬ 
tive  COX-2  inhibitors  attenuated  both  ongoing  and 
movement-evoked  bone  cancer  pain  behaviors  in  mice  inocu¬ 
lated  with  murine  osteolytic  NCTC  2472  sarcoma  cells  in  the 
intramedullary  space  of  the  femur.27  Additionally,  inhibition 
of  COX-2  prevented  bone  resorption  and  reduced  tumor 
growth  mediated  by  COX-2  expressing-NCTC  2472  osteosar¬ 
coma  cells.27 

NGF,  known  to  promote  prenatal  nerve  growth,28,29  is 
involved  in  the  adult  regulation  of  both  nociceptive  and  neu¬ 
ropathic  pain  through  one  of  its  receptors,  TrkA.30,31  Along 
with  this  notion,  NGF  causes  hyperalgesia  in  adult  rats,29  and 
muscle  pain  and  skin  hyperalgesia  in  humans.32,33  Accumu¬ 
lating  evidence  suggest  a  role  for  NGF  in  cancer-induced 
bone  pain.  In  in  vivo  bone  metastatic  models  of  prostate  can¬ 
cer  (ACE-1  cells)  and  breast  cancer  (MDA-MB-231-BO 
cells),  treatments  with  antibodies  against  NGF  significantly 
attenuated  cancer-induced  bone  pain.34,35  More  interestingly, 
growth  and  metastasis  of  MDA-MB-231  breast  cancer  cells 
in  vivo  were  inhibited  by  either  an  NGF  blocking  antibody  or 
small  interfering  RNAs  specific  to  NGF,  demonstrating  in 
two  ways  that  NGF  is  involved  in  both  bone  metastatic 
progression  and  cancer-induced  bone  pain.36  In  several 
chronic  musculoskeletal  pain  conditions,  tanezumab,  a 
humanized  monoclonal  antibody  against  NGF  with 
high  selectivity  and  specificity,  showed  significant  pain 
relief.37^10  However,  tanezumab  failed  to  improve  the  anal¬ 
gesic  efficacy  in  cancer  patients  with  bone  metastases.41  As 
NGF  is  an  attractive  and  promising  target  for  the  treatment 
of  cancer-induced  bone  pain,  further  studies  in  this  area  are 
clearly  warranted. 
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Likewise,  ET-1  is  thought  to  be  involved  in  both  pain  and 
tumor  outgrowth  within  the  marrow.  ET-1  has  two  distinct 
receptors:  ETAR  and  ETBR.  ET-1  appears  to  promote  both 
tumor  progression42,43  and  pain  behavior44,45  through  ETAR. 
Ongoing  and  movement-evoked  cancer  bone  pain  mediated 
by  ET-1  expressing  2472  osteosarcoma  cells  were  attenuated 
by  the  ETAR  selective  antagonist,  ABT-627,  but  not  by  the 
ETBR  selective  antagonist,  A- 192621  44  In  addition,  local 
injection  of  ET-1  enhanced  spontaneous  pain  behaviors  of 
mice  with  bone  cancer,  and  this  tumor-induced  nociception 
was  blocked  by  the  ETAR  antagonist  BQ-123,  suggesting 
that  local  levels  of  ET-1  are  involved  in  the  development  of 
cancer-induced  bone  pain  46  A  human  breast  cancer  cell  line, 
ZR-75-1,  is  well  known  to  develop  osteoblastic  bone  lesions 
in  vivo.  It  has  been  shown  that  ZR-75-1  cells  express  high 
levels  of  ET-1;  and  ETAR  antagonist  treatments  in  mice 
inoculated  with  ZR-75-1  cells,  when  compared  with  vehicle 
treatments,  cause  a  significant  reduction  in  the  number  of 
osteoblastic  lesions  and  overall  tumor  burden  in  the  mar¬ 
row.47  In  contrast,  this  strategy  did  not  attenuate  the  bone 
metastatic  progression  of  animals  inoculated  with  osteolytic 
breast  and  prostate  cancer  cells.47  These  findings  suggest  that 
the  ET-l-ETAR  interaction  plays  a  crucial  role  in  the  pro¬ 
gression  of  osteoblastic  bone  metastases.  However,  although 
in  a  recent  analysis  of  nine  clincal  studies  examining  ETAR 
antagonists  in  patients  with  CRPC,  atrasentan-treated  patients 
had  a  reduced  incidence  of  bone  pain;48  two  different  small 
molecule  inhibitors  of  ETAR,  atrasentan  and  zibotentan,  both 
failed  to  improve  the  survival  of  CRPC  patients  with  bone 
metastases.49,50 

Ang  II,  a  peptide  involved  in  the  control  of  blood  pressure, 
is  also  known  to  have  nociceptive  capabilities.51  There  are 
two  receptors  for  Ang  II:  AT1R  and  AT2R.  It  has  been 
shown  that  Ang  II  mediates  pain  through  the  AT2R 
expressed  on  sensory  neurons.52,53  In  a  rat  model  of  neuro¬ 
pathic  pain,  augmented  Ang  II  levels  in  the  DRG  contributes 
to  hyperexcitability  and  abnormal  sprouting  of  DRG  sensory 
neurons.52  Consistent  with  these  observations,  Ang  II 
increases  capsaicin-induced  neuronal  excitability  and  neurite 
outgrowth  in  both  cultured  rat  and  human  DRG  neurons.53 
Most  importantly,  with  regard  to  cancer,  increased  levels  of 
Ang  II  were  observed  in  the  lumbar  DRGs  of  rats  inoculated 
with  APCCs  directly  into  the  tibia,  and  these  APCC-bearing 
animals  expressed  hypersensitivity  compared  with  sham-oper¬ 
ated  animals.54  Intriguingly,  treatments  of  a  small  molecule 
inhibitor  for  AT2R  decreased  the  levels  of  Ang  II  in  DRGs, 
and  reduced  hypersensitivity  in  APCC-bearing  animals.54  In 
addition  to  its  effectiveness  in  reducing  cancer-induced  bone 
pain,  the  AT2R  inhibitor  showed  analgesic  effects  in  a  rat 
model  of  chronic  neuropathic  pain,55  whereas  AT1R  inhibitor 
did  not.53  The  mechanisms  behind  the  analgesic  effects  of 
AT2R  inhibitor  treatments  were  speculated  to  involve  the 
reduction  of  p38  MAPK  and  p44/p42  MAPK  activation  in 
sensory  neurons  within  lumbar  DRGs.54,55 

An  acidic  environment  within  the  bone  marrow  can  also 
cause  cancer-induced  bone  pain.15  Osteoclasts  secrete  HC1  by 
expressing  high  levels  of  the  vacuolar  electrogenic  H+- 
ATPase.56  The  resulting  acidic  environment  after  osteoclastic 
bone  resorption  is  thought  to  cause  pain  behaviors  through 


TRPV1,15  which  is  a  well-known  acid-sensing  ion  chan¬ 
nel,26,57,58  and  also  activated  by  capsaicin,  an  ingredient  in 
hot  peppers.  Therefore,  TRPV1  can  also  be  a  potential  thera¬ 
peutic  target  for  cancer-induced  bone  pain.  Indeed,  in  the 
2472  osteosarcoma-inoculated  bone  cancer  models,  a  TRPV1 
antagonist  or  genetic  deletion  of  TRPV 1  significantly  reduced 
ongoing  and  movement-evoked  nocifencive  behaviors.16 

As  we  discussed  earlier,  tissue  damage,  or  bone  resorption, 
mediated  by  osteoclasts  is  one  of  the  mechanisms  of  bone 
pain.59  Therefore,  therapeutic  strategies  that  directly  target 
osteoclastic  activities  have  also  been  used  as  analgesics  for 
cancer-induced  bone  pain.  BP  is  an  analog  of  pyrophosphate 
and  an  effective  inhibitor  of  bone  resorption  mediated  by 
osteoclasts.  BP  inhibits  famesyl  diphosphate  synthase,  and 
subsequently  decreases  the  level  of  geranylgenyl  disphos- 
phate,  which  is  required  for  prenylation  of  GTP-binding  pro¬ 
teins  in  osteoclasts.60  Therefore,  BP  inactivates  osteoclasts 
and  induces  their  apoptosis.  A  randomized,  placebo-con¬ 
trolled,  phase  III  trial  in  men  with  hormone-refractory  pros¬ 
tate  cancer  showed  that  patients  who  received  ZA  (a  third- 
generation  nitrogen  containing  BP)  experience  fewer  SREs, 
compared  with  those  who  received  a  placebo  (33.2  vs 
44. 2%).61  In  addition,  placebo-treated  patients  experienced 
more  pain  than  ZA-treated  patients.61  In  contrast,  a  double¬ 
blind,  placebo-controlled  trial  with  first-generation  BPs,  eti¬ 
dronate  and  clodronate,  failed  to  show  significant  pain  relief 
effects  in  cancer  patients  with  bone  metastases.62-64  This  sug¬ 
gests  that  only  the  newer  generation  of  BPs  should  be  used 
as  analgesics  for  cancer-induced  bone  pain. 

Osteoclasts  express  RANK,  which  binds  to  RANKL 
expressed  by  osteoblasts,  resulting  in  osteoclast  differentia¬ 
tion.59  Therefore,  blocking  the  RANK-RANKL  axis  is  a 
promising  strategy  for  relieving  cancer-induced  bone  pain. 
Osteoblasts  also  produce  a  decoy  receptor  for  RANKL,  OPG, 
which  inhibits  osteoclast  formation  and  activity  by  binding  to 
RANKL.59  OPG  treatments  attenuated  both  ongoing  and 
movement-evoked  pain,  and  osteoclastogenesis  in  the  femurs 
of  mice  inoculated  with  2472  osteosarcoma  cells.65  A  fully 
human  immunoglobulin  G2  monoclonal  antibody  against 
RANKL,  denosumab,  has  also  been  widely  used  for  the  pre¬ 
vention  of  SREs  associated  with  bone  metastasis.66  The 
effects  of  denosumab  on  SREs  were  compared  with  those  of 
ZA  in  a  randomized,  double-blind,  phase  III  study  of  men 
with  castration-resistant  bone  metastatic  prostate  cancer.67  In 
that  study,  denosumab  delayed  the  occurrence  of  SREs 
(20.7  months)  compared  with  ZA  (17.1  months).  Likewise,  a 
randomized,  double-blind,  double-dummy  phase  III  study  of 
breast  cancer  patients  with  bone  metastases  showed  that 
denosumab  delays  the  occurrence  of  SREs  better  than  ZA,68 
and  consequently,  denosumab  reduces  the  severity  of  pain 
when  compared  with  ZA.69 

A  liposomal  cystein  proteinase  secreted  by  osteoclasts, 
cathepsin  K,  might  also  be  a  potential  molecular  target  for 
inhibiting  osteoclast  activities.59  Cathepsin  K  degrades  the 
demineralized  collagenous  matrix.  It  has  been  reported  that 
mice  with  osteoclasts  without  cathepsin  K  show  an  osteope- 
trotic  phenotype  associated  with  impaired  osteoclastic  activi¬ 
ties.70  CKI  reduced  59%  of  osteolytic  lesions  in  the  tibiae  of 
mice  inoculated  with  cathepsin  K-expressing  human  BT474 
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breast  cancer  cells,  similar  to  the  66%  reduction  observed 
with  ZA  treatments.71  Interestingly,  CKI  shrunk  the  tumor 
burden  within  the  marrow,  whereas  ZA  did  not  influence 
tumor  size.71  Additionally,  CKI  failed  to  decrease  the  size  of 
subcutaneously  implanted  tumors,  suggesting  that  CKI  specif¬ 
ically  targets  the  bone  marrow  microenvironment.71  A  ran¬ 
domized,  double-blind,  phase  II  trial  comparing  the  CKI 
odanacatib  with  ZA  was  carried  out  in  breast  cancer  patients 
with  bone  metastases.72  In  that  study,  a  urine  detectable  bone 
resorption  marker  (uNTX/Cr:  the  ratio  of  N-telopeptide  of 
type  I  collagen  to  creatinine)  was  measured  after  treatment 
with  either  odanacatib  or  ZA.  After  4  weeks  of  treatments, 
odanacatib  suppressed  uNTX/Cr  similar  to  ZA  (77  vs  73%). 
Furthermore,  odanacatib  showed  robust  efficacy  and  a  favor¬ 
able  benefit/risk  profile  in  a  randomized  fracture  trial  in 
osteoporosis  patients.73  As  CKI  also  inhibits  osteoclastic 
lesions  associated  with  bone  metastases,  these  findings  sug¬ 
gest  that  CKI  can  be  used  as  an  analgesic  for  patients  who 
suffer  from  cancer-induced  bone  pain.  Further  studies  are 
clearly  required. 

Hypercalcemia 

Hypercalcemia  is  a  common  paraneoplastic  syndrome,  and  is 
frequently  seen  in  breast  cancer,  lung  cancer  and  multiple 
myeloma.74  In  general,  80%  of  cancer-induced  hypercalcemia 
is  mediated  by  PTHrP  produced  by  tumor  cells.74  PTHrP 
derived  from  tumor  cells  increases  serum  calcium  levels  by 
enhancing  calcium  reabsorption  in  the  loop  of  Henle  ascend¬ 
ing  limb  and  distal  convoluted  tubule,  and  inhibiting  phos¬ 
phate  reabsorption  in  the  proximal  convoluted  tubule.75-77  In 
contrast,  bone  resorption  caused  by  bone  metastases  is  respon¬ 
sible  for  the  remaining  20%.74  Bone  metastatic  cancer  cells 
also  secrete  several  factors  that  stimulate  osteoclastogenesis, 
including  PTHrP,  IL-6,  IL-11  and  vascular  endothelial  growth 
factor.8  These  factors  are  known  to  enhance  osteoclast  activity 
by  increasing  RANKL  and  inhibiting  OPG  secretion  from 
osteoblasts.  Interestingly,  PTHrP  secreted  from  bone  meta¬ 
static  cancer  cells  contributes  to  the  release  of  skeletal  calcium 
and  phosphate  by  activating  oseteoclastic  bone  resorption 
through  the  PTH/PTHrP  receptor  expressed  on  osteoclasts.78 
The  most  common  symptoms  of  hypercalcemia  are  nausea, 
vomiting,  anorexia  and  abdominal  pain.  Hypercalcemia  can 
also  impair  cognition  (fatigue  to  coma)  and  normal  cardiac 
functions  (e.g.  short  QT  syndrome,  cardiac  arrhythmia).79  Sur¬ 
prisingly,  it  has  been  reported  that  approximately  half  of  all 
patients  die  within  the  first  month  of  developing  hypercal¬ 
cemia.80  Thus,  prompt  and  proper  treatments  are  required. 

The  principal  goals  of  treatment  are  to  promote  renal  calci- 
uresis  and  inhibit  pathological  bone  resorption.  Hydration  is 
essential  to  increase  the  glomerular  filtration  rate,  and  inhibit 
calcium  reabsorption  in  the  proximal  nephron.81  Thereafter, 
loop  diuretics  can  be  used  for  promoting  the  renal  excretion 
of  calcium.74  Currently,  the  Food  and  Drug  Administration 
approves  the  use  of  BPs74  and  denosumab82  for  the  treatment 
of  HCM  due  to  their  anti-osteoclastic  effects.  Denosumab  is 
used  for  the  treatment  of  patients  with  BP  refractory  HCM, 
based  on  the  results  from  a  single-arm  multicenter,  interna¬ 
tional  phase  II  study.83  In  that  study,  64%  of  patients  with 


BP  refractory  HCM  reached  complete  response  (serum  cal¬ 
cium  levels  corrected  for  albumin  <10.8  mg/dL).  Further¬ 
more,  pooled  analysis  of  two  randomized,  double-blinded, 
phase  III  trials  between  denosumab  and  ZA  showed  that 
denosumab  significantly  delayed  the  occurrence  of  HCM  and 
decreased  the  recurrence  risk  of  HCM  compared  with  ZA. 
Therefore,  denosumab  can  be  used  as  a  first-line  therapy  for 
patients  with  HCM.  Calcitonin  can  also  be  used,  as  it  is 
known  to  interfere  with  osteoclast  functions,  stimulate  osteo¬ 
blast  activities,  increase  renal  calcium  excretion  and  inhibit 
calcium  reabsorption  by  the  intestines.84  However,  the  use  of 
calcitonin  is  limited,  as:  (i)  the  duration  of  efficacy  is  rela¬ 
tively  short;  (ii)  the  reduction  of  calcium  levels  is  not  robust; 
and  (iii)  calcitonin  itself  downregulates  calcitonin  receptors 
on  osteoclasts.85 

Pathological  bone  fractures 

It  has  been  reported  that  9-29%  of  patients  who  suffer  from 
bone  metastases  develop  pathological  fractures.86,87  In  gen¬ 
eral,  pathological  fractures  are  common  in  the  long  bones,88 
although  the  spine  is  the  most  common  site  of  skeletal  metas¬ 
tases.89  Importantly,  the  3 -year  survival  rate  of  patients  with 
bone  metastases  and  pathological  fractures  is  significantly 
lower  than  those  without  pathological  fractures  (19  vs 
35%).87  Furthermore,  pathological  fractures  are  painful, 
resulting  in  further  reduced  QOL.  Therefore,  a  deep  under¬ 
standing  of  the  pathological  fracture  risk  in  bone  metastatic 
disease  is  an  unmet  need  for  the  prevention,  detection  and 
treatment  of  pathological  fracture.  The  following  are  currently 
considered  to  be  the  risk  factors  for  pathological  fracture  in 
patients  with  bone  metastases:  (i)  increasing  pain;  (ii)  radio- 
graphic  osteolytic  appearance;  (iii)  lesion  size  (>25  mm);  (iv) 
axial  cortical  involvement  (>30  mm);  and  (v)  circumferential 
cortical  involvement  (>50%).90-94 

Patients  with  pathological  fractures  are  mainly  treated  with 
surgery  to  stabilize  the  fractured  bones  with  the  goal  of  pain 
relief,  function  and  mobility  restoration,  and  general  QOL 
improvement.89  Intriguingly,  a  population-based  study  of 
patients  with  femoral  metastases  showed  that  patients  who 
receive  prophylactic  stabilizations  of  bone  metastatic  disease 
have  better  survival  outcomes  than  those  who  receive  surgical 
interventions  post- fracture. 95  Adjuvant  radiotherapy  is  often 
given  to  target  residual  microscopic  disease  so  that  disease 
and  fracture  recurrence  can  be  prevented.96  Although  the 
appearance  of  osteolytic  bone  lesions  is  a  risk  factor  for 
malignant  fractures,  the  implementation  of  adjuvant  treat¬ 
ments  with  osteoclast  inhibitors  for  the  prevention  of  malig¬ 
nant  fractures  remains  controversial.97 

Metastatic  epidural  spinal  cord  compression 

MESCC  is  another  oncological  emergency  related  to  bone 
metastasis,  as  it  leads  to  reduced  life  expectancy  and  QOL  if 
accurate  diagnosis  and  treatments  are  not  immediate.98 
MESCC  occurs  in  15-20%  of  patients  with  bone  metastatic 
cancer,  such  as  prostate,  breast  and  lung  cancer.99  The  overall 
median  survival  of  MESCC  patients  is  3-6  months,  and  the 
improvement  of  mobility  is  thought  to  be  a  crucial  factor  to 
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Table  1  Treatment  strategies  for  skeletal  complications  of  bone  metastases 

Skeletal  complications 

Food  and  Drug 

of  bone  metastases 

Treatment  route 

Treatments 

Predicted  effects 

Administration  status 

Cancer-induced  bone  pain 

Systemic 

Opioids 

Analgesic  effects 

Approved 

NSAIDs,  acetaminophen 

Analgesic  effects,  tumor  shrinkage  effects 

Approved 

Bisphosphonate 

Inhibition  of  osteoclast  activities,  analgesic 

Approved 

effects,  tumor  shrinkage  effects 

Anti-RANKL  antibody 

Inhibition  of  osteoclast  activities,  analgesic 

Approved 

effects,  tumor  shrinkage  effects 

NGF/TrkA  inhibitor 

Analgesic  effects,  tumor  shrinkage  effects 

Not  yet  approved 

ETAR  antagonist 

Analgesic  effects,  tumor  shrinkage  effects 

Not  yet  approved 

AT2R  antagonist 

Analgesic  effects 

Not  yet  approved 

TRPV1  antagonist 

Analgesic  effects 

Not  yet  approved 

Cathepsin  K  inhibitor 

Inhibition  of  osteoclast  activities,  analgesic  effects, 

Not  yet  approved 

tumor  shrinkage  effects 

Local 

Radiation  therapy 

Analgesic  effects,  tumor  shrinkage  effects 

Hypercalcemia 

Systemic 

Hydration 

Increase  of  glomerular  filtration  rate 

Approved 

Loop  diuretics 

Increase  of  renal  calcium  excretion 

Approved 

Bisphosphonate 

Inhibition  of  osteoclast  activities 

Approved 

Anti-RANKL  antibody 

Inhibition  of  osteoclast  activities 

Approved 

Calcitonin 

Inhibition  of  osteoclast  activities,  increase  of 

Approved 

osteoblast  activities,  increase  of  renal 

calcium  excretion 

Pathological  bone  fractures 

Systemic 

Opioids 

Analgesic  effects 

Approved 

NSAIDs,  acetaminophen 

Analgesic  effects 

Approved 

Bisphosphonate 

Inhibition  of  osteoclast  activities,  analgesic  effects 

Approved 

Anti-RANKL  antibody 

Inhibition  of  osteoclast  activities,  analgesic  effects 

Approved 

Local 

Surgery 

Stabilization  of  fracutures 

Radiotherapy 

Analgesic  effects 

Metastatic  epidural 

Systemic 

Corticosteroids 

Stabilization  of  vascular  membranes,  reduction 

Approved 

spinal  cord  compression 

of  edema,  reduction  of  inflammation 

Opioids 

Analgesic  effects 

Approved 

NSAIDs,  acetaminophen 

Analgesic  effects 

Approved 

Local 

Surgery 

Direct  decompression  of  spianl  cord 

Radiotherapy 

Analgesic  effects,  tumor  shrinkage  effects 

prolonging  survival."  MESCC  causes  severe  pain,  motor 
weakness,  sensory  deficits  and  gait  disturbance,  and,  in  some 
cases  the  functions  of  the  bladder,  bowels  or  sexual  organs 
are  disturbed.98,99  The  preferential  location  of  compression  in 
the  spine  depends  on  the  size  and  blood  flow  of  the  verte¬ 
brae:  15%  of  MESCC  occurs  in  the  cervical  spine;  60%  in 
the  thoracic  spine;  and  25%  in  the  lumbosacral  spine." 
MESCC  is  thought  to  occur  in  two  ways:"  (i)  direct  com¬ 
pression  of  the  spinal  cord  mediated  by  perivertebral  tumors; 
and  (ii)  indirect  compression  derived  from  bone  tissues  in 
which  DTCs  grow.  The  spinal  cord  is  damaged  by  these 
compressions  or  by  vascular  compromise  caused  by  growing 
tumors."  Once  arterial  flow  to  the  spinal  cord  is  disturbed, 
MESCC  becomes  irreversible.100-102 

In  most  cases,  immediate  treatment  is  essential  for  patients 
with  MESCC.  Corticosteroids  are  the  first-line  treatment  for 
MESCC,  as  they  are  known  to  stabilize  vascular  membranes 
and  reduce  edema,  reduce  inflammation,  and  delay  the  onset 
of  neurological  manifestations  (motor  power  and  skills, 
reflexes  and  sensory  or  any  other  neurological  symptoms).103 
In  addition,  the  therapeutic  effects  of  radiation  on  MESCC 


are  promising,  although  appropriate  dose  and  duration  are  not 
yet  agreed  on.  When  MESCC  patients  were  treated  with 
high-dose  dexamethasone  followed  by  radiation,  significantly 
greater  numbers  of  patients  were  able  to  walk  at  3  months 
and  6  months,  compared  with  those  who  received  radiation 
alone.104  Surgery  is  another  powerful  mode  of  relief  for 
spinal  compression.  A  randomized  trial  showed  that  patients 
with  MESCC  who  received  direct  decompressive  surgery 
were  able  to  walk  and  maintain  their  momentum  longer  (me¬ 
dian  122  days)  than  those  who  received  radiotherapy  (median 
13  days).105  More  importantly,  the  patients  in  the  surgery 
group  obtained  longer  survival  benefits  (126  vs  100  days). 
Although  further  studies  are  clearly  warranted,  these  findings 
suggest  that  surgical  intervention  with  adjuvant  radiotherapy 
improves  the  QOL  of  patients  with  MESCC. 

Conclusion 

In  the  present  article,  we  discussed  the  major  skeletal  compli¬ 
cations  of  bone  metastatic  disease  including  cancer-induced 
bone  pain,  hypercalcemia,  pathological  fractures  and  spinal 


©2016  The  Japanese  Urological  Association 


5 


S  TSUZUKI  ETAL. 


Fig.  1  The  mechanisms  whereby  DTCs  are  directly  involved  in  the  development  of  skeletal  complications  associated  with  bone  metastasis.  Growing  evidence  sug¬ 
gests  that  once  in  the  marrow,  DTCs  create  a  favorable  microenvironment  for  their  own  metastatic  progression  by  interfering  with  the  normal  functions  of  bone 
marrow.  Indeed,  DTCs  disturb  bone  remodeling  by  altering  the  balance  between  osteoclastogenesis  and  osteoblastogenesis.  Osteolytic  tumor  cells  stimulate 
osteoclastic  activities  by  expressing  PTHrP  or  IL-6,  and/or  by  inducing  RANKL  secretion  by  osteoblasts.  Osteoclastogenesis  mediated  by  DTCs  plays  a  crucial  role 
in  the  development  of  serious  complications  involved  with  bone  metastasis,  including  bone  pain,  hypercalcemia  and  malignant  fracture.  In  addition,  ET-1  expressed 
by  DTCs  develops  osteoblastic  metastatic  lesions  in  the  bone  and  is  related  to  cancer-induced  bone  pain.  At  the  same  time,  DTCs  engage  with  sensory  neurons  in 
the  marrow  directly  through  NGF,  COX-2  and  Ang  II  signaling  pathways,  resulting  in  cancer-induced  bone  pain.  These  pain  transmitters  might  also  affect  metastatic 
growth.  Therefore,  targeting  bone  remodeling  and  blocking  the  cancer/nerve  interactions  might  be  a  successful  therapeutic  strategy  for  eradicating  bone  meta¬ 
static  disease  and  improving  patient  QOL. 


cord  compression,  and  current  therapeutic  strategies 
(Table  1).  As  mentioned  earlier,  cancer  patients  with  bone 
metastases  often  experience  severe  skeletal  complications  that 
significantly  impair  their  QOL.  Additionally,  recent  studies 
suggest  that  bone  metastasis  is  associated  with  the  develop¬ 
ment  of  cancer  cachexia.  Cachexia  is  the  term  used  to 
describe  the  fatal  culmination  of  symptoms  including  extreme 
weight  loss,  anorexia,  muscle  wasting  and  fatigue.106  Several 
factors  that  are  enriched  in  the  bone  matrix,  including  trans¬ 
forming  growth  factor- p,  activin  A,  myostatin  and  GDF-11, 
are  believed  to  cause  cachexia.107-109  Therefore,  osteolytic 
activities  associated  with  bone  metastasis  surely  play  impor¬ 
tant  roles  in  the  development  of  cachexia.110  These  findings 
further  suggest  that  a  better  understanding  of  the  mechanisms 
of  skeletal  complications  caused  by  bone  metastasis  will  aid 
in  developing  new  therapeutic  targets  for  both  treating  bone 
metastatic  disease  and  improving  patient  QOL. 

Once  cancer  cells  invade  the  bone  marrow,  they  interfere 
with  the  normal  physiology  of  the  marrow  microenviron¬ 
ment.  Although  genetic  mutations  in  tumor  cells  contribute 
largely  to  the  metastatic  process  and  are  therefore  used  as 
logical  therapeutic  targets  for  bone  metastasis,  understanding 
of  the  unique  crosstalk  between  tumor  cells  and  their 
microenvironment  is  perhaps  less  intuitive,  but  crucial  in  any 
efforts  to  eradicate  bone  metastatic  disease.  Although  bone 
destruction  initiated  by  DTCs  is  widely  believed  to  be  a 
direct  cause  of  skeletal  complications  (Fig.  1),  the  mecha¬ 
nisms  by  which  DTCs  interact  with  the  surrounding  bone 
marrow  microenvironment  and  ultimately  cause  skeletal  com¬ 
plications  remain  unanswered  questions  in  cancer  biology. 
More  importantly,  we  still  do  not  confidently  know  if  the 
skeletal  complications  of  bone  metastatic  disease  even  influ¬ 
ence  overall  patient  survival.  Clearly,  a  better  understanding 
of  bone  metastasis  is  necessary  if  we  truly  hope  to  improve 
patient  survival,  and  showing  the  mechanisms  of  its  compli¬ 
cations  will  be  equally  vital  to  the  improvement  of  patient 
well-being. 
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